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Background: Intrahepatic cholangiocarcinoma (CCA) is a highly treatment-resistant malignancy of biliary epithelium with increasing global mortality. Histologically, CCA is characterised by a pronounced inflammatory stroma of tumour-associated myofibroblasts, macrophages, immune cells and a modified extracellular matrix (ECM). In other solid cancers, the stroma plays a tumour promoting role. The functional role of the stroma in CCA remains unclear. The origin and the proportional contribution to the stroma by haematopoietic and mesenchymal bone marrow (BM) -derived cells is not known in CCA. Intriguingly, reports suggest that mesenchymal stem cells (MSCs) may contribute to the epithelial compartment of malignant tumours. Furthermore, the Notch signalling pathway is known to play oncogenic and tumour suppressive roles in diverse neoplasms but its role in CCA remains unclear.  
Aims and Methods: The functional role of myofibroblasts and macrophages in the tumour stroma of CCA was investigated together with an analysis of the origin and contribution of BM-derived cells to the stromal and epithelial compartments of CCA. The Notch signalling pathway was studied as a potential signalling mechanism through which the stroma and malignant epithelial compartments of CCA may interact.  
Results: The thioacetamide rat model of CCA was optimised and found to display excellent histological congruence with human lesions. The tumour cellular microenvironment comprised of myofibroblasts, migratory macrophages and immune cells. During cholangiocarcinogenesis, progressive intrahepatic accumulation of inflammatory cells and proliferation of bipotential progenitor cells preceded the development of invasive CCA. In vitro, CCA lines were identified to contain a side population of stem cells. Adoptive transfer of BM from Enhanced Green Fluorescent Protein (EGFP) transgenic rats to wild type rats to establish chimeras was undertaken. In transplanted rats, persistent EGFP+ chimerism of both haematopoietic and mesenchymal stem cell compartments was established. In 
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tumours, macrophages and neutrophils were overwhelmingly EGFP+ve, whereas myofibroblasts, fibroblasts and benign and malignant bile ducts were EGFP-ve. There was no evidence of cell fusion or EGFP silencing. These findings were confirmed in spontaneous breast, skin and colon tumours in EGFP+ chimeric rats not treated with TAA. In vitro studies to recapitulate the cellular and extracellular elements of the tumour niche identified that ECM components induce characteristic cell proliferation patterns dependent on the matrix component but do not appear to affect chemosensitivity. Bidirectional interaction between CCA cells and hepatic stellate cells (mediated by soluble factors) was identified. Furthermore, in direct co-culture, M2 polarised macrophages appear to enhance CCA cell proliferation compared to M1 macrophages. In considering the Notch pathway, Notch signalling components (particularly Notch3) and target genes were upregulated in human CCA specimens. Immunohistochemical analysis identified apparent distribution of Notch ligand on tumour stroma and Notch receptor subtypes on malignant epithelia. Although direct co-culture of CCA cells with myofibroblasts and M1/M2 polarised macrophages did not clearly demonstrate stromal:epithelial Notch pathway activation, this may have been a function of in vitro experimental limitations. Gamma-secretase inhibition downregulated the Notch pathway, reduced proliferation and appeared to enhance chemosensitivity of CCA cells in vitro.   
Conclusions: A stereotypical niche forms around CCA in developing and malignant lesions. There was no evidence of a BM-derived stem cell contribution to the epithelial component of CCA, breast, colon or skin malignancies. Haematopoietic but not mesenchymal components of the tumour stroma were of BM origin. Notch signalling is upregulated in CCA and appears to play a tumour promoting role in CCA; pathway inhibition represents a potential therapeutic target.   
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HYPOTHESIS AND AIMS   
Hypothesis: The tumour stroma in cholangiocarcinoma is bone marrow derived and contributes to both epithelial and mesenchymal components of lesions. Notch signalling promotes tumour survival through stromal-epithelial cell signalling.  
Aim 1: Establish a model of cholangiocarcinoma  
Aim 2: Characterise the stromal component in cholangiocarcinoma lesions  
Aim 3: Define the origin of the stroma surrounding cholangiocarcinoma by characterising the role of the bone marrow in stroma formation  
Aim 4: Define the functional role of stromal cell - cholangiocyte interaction in tumour survival  
Aim 5: Investigate whether Notch signalling is implicated in the stromal-epithelial relationship      
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INTRODUCTION    
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1. Cholangiocarcinoma (CCA)  Globally, malignancies of the liver and bile ducts account for 10.6% of annual tumour deaths and represent a significant cancer burden. Cholangiocarcinoma (CCA) - neoplasia of the bile ducts - is the second commonest hepatic malignancy, comprising 10-20% of primary liver neoplasms 1, 2. The World Health Organisation’s (WHO) International Classification of Diseases (ICD-10) identifies that primary lesions in the liver and intrahepatic bile ducts (code C22) comprise 9.2% of deaths, whilst gallbladder (C23) and extra-hepatic bile duct (C24) tumours account for 1.4% of all cancer deaths 3.    
Classification of CCA  Anatomically, CCAs are described as being intrahepatic, hilar or distal extra-hepatic. Lesions may have both intra- and extrahepatic components. Intrahepatic CCA arises from biliary epithelia at any portion of the intrahepatic biliary system, from the ductules to the segmental bile ducts. Hilar lesions (Klatskin tumours 4) are located at the level that the biliary tree exits the liver and arise from the right and left hepatic bile ducts at or near their confluence. Proximally they are separated from intrahepatic CCA by the second-order bile ducts, and are separated from distal extrahepatic CCA at the level of the insertion of the cystic duct of the gallbladder into the extrahepatic biliary tree. Distal extrahepatic CCAs are located along the common bile duct between the cystic duct and the ampulla of Vater (the hepatopancreatic ampulla) which is formed by the union of the common bile duct and pancreatic duct. Ampullary carcinomas are classified separately 5-7.  
Figure 1.1 – Anatomical Distribution of CCA  
Figure 1.1: Anatomical distribution of Cholangiocarcinoma (CCA) 
 
Intra and extrahepatic CCA are separated from each other at the level of the second-
order bile ducts. Extrahepatic CCA is further divided into hilar and distal extrahepatic 
CCA at the level of the cystic duct insertion into the common bile duct. 
 
 






Hilar and distal extrahepatic tumours are grouped together as extrahepatic CCA for classification of tumour types by the WHO ICD-10 5. In contrast, they are considered as separate entities in the American Joint Cancer Committee / Union International Contre le Cancer (AJCC/UICC) Tumour Node Metastasis (TNM) Classification of Malignant Tumours 7th Edition for staging purposes6. Furthermore, the exact anatomical boundaries that qualify a tumour to be considered as a hilar cholangiocarcinoma differs slightly between the two systems, with the ICD-10 classification not including the second-order bile ducts or insertion of the cystic duct as anatomical boundaries for tumour location, but rather using only the right and left hepatic bile ducts as the location descriptor.  Bismuth 8 further subdivided the anatomical location of hilar lesions, primarily with an interest in determining surgical resectability and operative strategy.  
Figure 1.2 – Bismuth Classification of CCA 
Figure 1.2: Bismuth classification of hilar lesions and surgical treatment  
options for CCA 
Type I: Below the confluence of the left and right hepatic ducts 
 
Type II: Reaches the confluence but not involving the left or right hepatic duct 
 
Type III: Occludes common hepatic duct and right (IIIa) or left (IIIb) hepatic duct 
 
Type IV: Involves the confluence, right and left hepatic ducts or is multicentric  

















Adapted from Patel T, Nat Clin Pract Gastroenterol Hepatol. 2006 Jan;3(1):33-42  
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Bismuth classification of hilar CCA lesions: 
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Types I and II: en bloc resection of the extrahepatic bile ducts and gall bladder, re-
gional lymphadenectomy, and Roux-en-Y hepaticojejunostomy; 
 
Type III: as above plus right or left hepatectomy; 
 
Type IV: as above plus extended right or left hepatectomy. 






Distal Extrahepatic CCA: Pancreatoduodenectomy 
B 
Surgical treatment options for hilar CCA lesions: 
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Depending on their growth pattern, tumours are described either as mass-forming, periductal-infiltrating or intraductal, using a classification system devised by the Liver Cancer Study Group of Japan (LCSGJ) 9, 10. Most intrahepatic CCAs form mass lesions that invade the hepatic parenchyma via the portal venous system and invade lymphatic vessels at advanced stages. Hilar and extrahepatic tumours are usually periductal infiltrating types that predominantly extend longitudinally along and within the bile duct, often resulting in dilatation of the intrahepatic bile ducts. The periductal-infiltrating type tends to spread along Glisson’s sheath (a fascial envelope encompassing the bile ducts) via the lymphatic vessels. The intraductal-growth type proliferates towards the lumen of the bile duct; this form of CCA often has papillary growth characteristics. Tumours not following any of these criteria are categorised as ‘undefined’ 7. The AJCC/UICC TNM 7th edition concurs with this classification but does not include intraductal as a separate entity 11.   Figure 1.3 – Liver Cancer Study Group of Japan Classification of CCA 
Figure 1.3:  Liver Cancer Study Group of Japan classification of CCA 
 
CCA lesions are either intrahepatic or extrahepatic, with the same three broad types 










Extrahepatic: Up to 1cm 
 
Extend along and within the bile duct, result-
ing in concentric thickening of the wall along 
bile ducts and obstructing the upstream intra-
hepatic bile ducts, resulting in jaundice.  
 
Invade along Glisson’s sheath via lymphatics 
Commonest form of Intrahepatic CCA, only 
occasionally causing jaundice 
 
Intrahepatic lesions: Up to 15cm 
Extrahepatic lesions: 1-2cm 
 
Invade the hepatic parenchyma via the portal 
venous system and invade lymphatic vessels 
at advanced stages.  
Intraluminal growth in the bile duct 
 
Usually small and flat, but can form a polyp 
or cast to fill bile duct lumen  
 
Spread along mucosa of bile ducts, tumour 
cells can slough and spread distally. 
 
These lesions characteristically do not pene-
trate the duct wall but (but have potential to 
invade) 
Adapted from Sripa PLoS Medicine 2007, 4: 7, (e201 06-PLME-ND-0923 [pii] 10.1371/journal.pmed.0040201) and Lim et al, 
Abdom Imaging 2004;29:540-7  
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Macroscopically, mass lesions appear white or grey in colour, and are firm to touch. Intrahepatic lesions may be very large (up to 15 cm in diameter), whilst extrahepatic tumours tend to be no larger than 2 cm at clinical presentation. Periductal tumours result in concentric thickening of the wall along bile ducts to form an elongated, spiculated, or branch-like structure. These lesions are difficult to identify macroscopically and, when seen, they appear as ill-defined strictures. In contrast, intraductal-growing papillary tumours of the bile ducts are low-grade malignancies that form sessile or polypoid masses that block bile ducts by either forming a polyp or growing as a cast that fills the shape of the bile ducts. These lesions characteristically do not penetrate the duct wall 10.   Regardless of tumour location and morphology, the overwhelming majority arise as adenocarcinomas (90%) and are associated to a varying degree with a desmoplastic reaction 10, 12. The tumour-associated desmoplasia comprises modified extracellular matrix (ECM) proteins, myofibroblasts, and immune cells together with expression of a multitude of cytokines, growth factors, and ECM metabolizing enzymes. The WHO International Classification of Diseases for Oncology (ICD-O), that differs from ICD by including a morphology code (based on histology) in addition to the topographical codes shared between the two systems, lists several subtypes of bile duct cancer 13. The categories described in the 3rd edition (ICD-O-3) are very rare, and information from adenocarcinoma of the bile ducts may have limited applicability in these tumours.     
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Table 1.1 – WHO Classification of Subtypes of CCA  
Carcinomas of the extrahepatic bile 
ducts Carcinomas of the liver Carcinoma in situ Hepatocellular carcinoma Adenocarcinoma Intrahepatic CCA Papillary adenocarcinoma Combined hepatocellular CCA Adenocarcinoma, intestinal-type Bile duct cystadenocarcinoma Mucinous adenocarcinoma Hepatoblastoma Clear cell adenocarcinoma Undifferentiated carcinoma Signet ring cell carcinoma   Adenosquamous carcinoma  Squamous cell carcinoma   Biliary cystadenocarcinoma  Undifferentiated carcinoma   Endocrine carcinomas (commoner in gallbladder): small cell (oat cell), large cell neuroendocrine,  carcinoid tumour, goblet cell carcinoid, tubular  carcinoid, mixed carcinoid-adenocarcinoma 




Aetiology of CCA Many cases of CCA arise spontaneously. However, established risk factors for CCA unite around the common theme of prolonged inflammation of the biliary tract. Biliary epithelial inflammation may be either direct (such as primary sclerosing cholangitis) or may occur secondarily as part of the spectrum of hepatic parenchymal inflammation (such as diabetes). The majority of aetiological factors are associated with both intra- and extrahepatic CCA, however a proportion appear to be related to one form of the tumour only.   
Biliary Factors 
The prevalence of CCA amongst patients with primary sclerosing cholangitis (PSC) ranges from 5 to 15%, with a cumulative annual risk of 1.5% per year 14-16 although the risk of developing CCA does not appear to be related to the duration of PSC 17, 18. 
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Both the intra- and extra-hepatic forms of CCA may occur. Furthermore, a population-based case control series has recently suggested that primary biliary cirrhosis may be a possible risk factor in intrahepatic CCA 19, although the authors recommend that this be further assessed since database misclassification of secondary biliary cirrhosis is a potential confounding factor.  In certain areas of South East Asia (Thailand, Laos, Malaysia), liver fluke infestation of the biliary tree with Opisthorchis viverini (and, less commonly, Clonorchis 
sinensis) from eating raw fish is endemic (northern Thailand 90% infection prevalence). The parasite persists and progressively accumulates in the biliary system leading to a chronic inflammatory response and increased risk of CCA 16, 20. Conditions that cause biliary stasis such as choledochal cysts (cystic dilation of the biliary tract that require surgical excision) and biliary-pancreatic malformations (extrahepatic CCA) 21 are other aetiological factors in the development of CCA 22. Hepatolithiasis, common in the Far East, is a well recognised risk factor with up to 10% of patients developing intrahepatic CCA 23 24. A recent Danish case-control study suggests that choledocholithiasis (odds ratio, OR, 24) and cholecystolithiasis (OR 4.0) are associated with an increased risk of intrahepatic CCA 25, 26.  
Other Factors Hepatic parenchymal inflammation of any type that leads to cirrhosis is associated with intrahepatic CCA 27. A large United States population-based case control series  of 535 intrahepatic CCA patients and 549 extra-hepatic CCA patients compared to 102,792 cancer-free controls identified (in addition to biliary-specific factors above) an increased incidence of both the intra- and extrahepatic forms of CCA in patients with alcoholic liver disease, nonspecific cirrhosis, diabetes, thyrotoxicosis and chronic pancreatitis. Conditions only associated with intrahepatic CCA were obesity, chronic non-alcoholic fatty liver disease, hepatitis C virus infection and smoking 19. The rate of inflammatory bowel disease (IBD) was significantly higher among both intrahepatic CCA and extrahepatic CCA cases than controls (p = 0.04 and p<0.0001, respectively). However, when IBD was categorized into its components, Crohn's disease was significantly more common only among the extrahepatic CCA cases 
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(p=0.02), while ulcerative colitis was significantly more common only among the intrahepatic CCA cases (p<0.0001). Duodenal ulcer and chronic pancreatitis were both significantly more common in extrahepatic CCA and intrahepatic CCA cases compared to controls. In a similar case-control series by the same authors, Human Immunodeficency Virus (HIV) infection was noted to be associated with intrahepatic CCA (OR: 5.9, 1.8–18.8) 28. A recent meta-analysis of case-control studies of intrahepatic CCA subsequently confirmed hepatitis B but not smoking as a risk factor for CCA and estimated the overall odds ratios (with 95% confidence intervals) for defined risk factors (hepatitis B OR: 5.10, 2.91–8.95, hepatitis C OR: 4.84, 2.41–9.71, obesity OR: 1.56, 1.26–1.94, diabetes mellitus type II OR: 1.89, 1.74–2.07, alcohol use OR: 2.81, 1.52–5.21, and smoking OR: 1.31, 0.95–1.82,) 29.  Thorotrast was used as a radiographic contrast medium from 1930 to 1955 and comprised a colloidal suspension of thorium dioxide with Th-232, a highly carcinogenic alpha-emitter with a physical half-life of 14 billion years. Thorotrast is absorbed by the bone, liver, spleen and lymph nodes and the tissues in which it was deposited are irradiated by alpha-radiation for the entire lifetime of the subject, with biological clearance half-life times ranging from 700 days for the liver to as long as 22 years in bone 30. Thorotrast associated malignancies include CCA (commonest lesion), hepatocellular carcinoma, angiosarcoma, erythroleukemia and myelodysplastic syndromes. Mutation analyses suggest that genetic changes of thorotrast-induced cancers are mainly delayed mutations, and not the result of the direct effects of radiation 31. Other chemical carcinogens such as dioxins and vinyl chloride 32 and nitrosamines 33 have also  been epidemiologically linked to CCA. Geographical distribution of CCA cases in the UK between 1981-2004 suggest a preponderance of cases in rural areas, leading some to suggest that agricultural toxins may be in part responsible 34.   
 33 
Table 1.2 – Risk factors for CCA  Current risk factors for CCA; confident factors are in bold text whereas probable or possible factors are included in normal text. Risk factors do not have an exclusive intra/extrahepatic preponderence and may be associated with converse locations to those listed below.   INTRAHEPATIC CCA: BOTH INTRA AND EXTRA: 
Hepatitis B virus infection Opisthorchis viverini infection  
Hepatitis C virus infection Clonorchis sinensis infection 
Hepatolithiasis Primary sclerosing cholangitis Smoking Liver cirrhosis  Obesity Thorotrast exposure Non-Alcoholic Fatty Liver Disease (NAFLD) Primary Biliary Cirrhosis  Choledocholithiasis  Cholecystolithiasis  HIV infection EXTRAHEPATIC CCA: Alcoholic liver disease 
Anomalous biliary–pancreatic 
malformation  Type II Diabetes Biliary tract-enteric drainage procedures Thyrotoxicosis  Choledochal cysts  Toxin exposure—dioxin, polyvinyl chloride, nitrosamines  Inflammatory Bowel Disease  
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Epidemiology of CCA  The median age at diagnosis of CCA is 65 years, except for lesions associated with PSC, where the median age is 55 years. The disease is rare before 40 years old. Men are affected 1.5 times more commonly than women, and Asians are affected almost twice as commonly as white and black people 24. The incidence of tumours is highest in the Far East (e.g. 96 per 100,000 men in Thailand) and lower in countries such as Australia (0.2 per 100,000 men)24, which is likely to represent the distribution of risk factors such as liver flukes. In the United Kingdom, where both incidence and mortality rates have increased over the past three decades35, CCA has overtaken hepatocellular carcinoma as the leading cause of death from primary liver cancer36. Globally, the incidence of intrahepatic CCA has increased whereas extrahepatic incidence has remained broadly stable or decreased 24, 36-39. In the United States, age-adjusted mortality rates for intrahepatic cholangiocarcinoma progressively increased from 0.07 per 100,000 in 1973 to 0.69 per 100,000 in 1997 with an estimated annual percent change (EAPC) of 9.44% 40. This change is mirrored in an observed increase in reported cases of intrahepatic CCA in Scotland 41.  
Figure 1.4 – Changing incidence of CCA  
Figure 1.4: Changing global incidence of intrahepatic and extrahepatic CCA  
Age-standardised mortality rates (ASMR) for (1) gall bladder and extrahepatic CCA 
and (2) intrahepatic CCA in selected countries.   (Khan Lancet 2005, 366: 1303-14) 
Age-standardised incidence rates (ASIR) per 100,000 population/year, for intra-
hepatic and extrahepatic tumours, between 1990 and 2008 in England and Wales. 







Generating accurate epidemiological data for CCA is challenging due to the complexity of CCA classification systems and the several revisions of the WHO ICD and AJCC/UICC TNM coding systems for liver and biliary tract tumours over the past three decades, with each revision being adopted by various countries at different times 42. The effect of coding systems and misclassification has been specifically investigated and the observed incidence pattern appears to be genuine rather than merely an improvement in detection or in more accurate categorization of tumours previously misclassified by systems such as the USA  Surveillance, Epidemiology and End Results (SEER) database 38.   ICD-O-2 (used between 1992 and 2000) misclassified hilar/Klatskin CCA as being intrahepatic. Consequently, for example in the USA, 91% (246 of 269) of hilar CCA during this time were incorrectly coded as being intrahepatic, resulting in an overestimation of intrahepatic CCA incidence by 13% and underestimation of extrahepatic CCA incidence by 15%43. Only 8% of all CCA were described as hilar, which likely reflects coding practice. However, following correction, annual intrahepatic CCA incidence in the USA still increased during this period (EAPC = 4%, 95% CI = 2-6, P <.001).    The effect of misclassification has been studied in England and Wales with similar results. Following correction for hilar CCA misclassification, the age-standardised incidence rate (ASIR) of intrahepatic CCA (code C22.1) in England and Wales rose from 0.87 to 1.62 per 100,000 population, between 1995 (when ICD-O-2 was introduced) and 2008 (when ICD-O-3 was adopted in the UK). Concurrently, despite including misclassified hilar tumours in the extrahepatic CCA (C24.0) data, a marked decrease in ASIR of extrahepatic CCA was identified from 0.55 in 1995 to 0.47 in 2008 42.   The reason for the rise in incidence of intrahepatic CCA remains unclear but may represent the cumulative effect of the aetiological risk factors for intrahepatic CCA, which appear increasingly similar to hepatocellular carcinoma 44.   
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Molecular Pathogenesis of CCA 
 The relatively low incidence of CCA is an obstacle to elucidating the mechanistic processes in the development of lesions. In a similar fashion to other solid organ tumours, CCA is likely to develop in a multistep process of malignant transformation of cholangiocytes, with  the accumulation of genetic, epigenetic and chromosomal aberrations resulting in alterations in regulatory genes in cholangiocytes that lead to the activation of oncogenes and the dysregulation of tumor suppressor genes45. Of note, a subset of intrahepatic CCA display combined hepatocellular carcinoma/CCA features which suggests that they may arise from progenitors or stem-cell type precursors 46, 47.   The promotion of CCA development is thought to arise following chronic biliary epithelial inflammation and cholestasis. Biliary inflammation results in release of inflammatory cytokines including inducible nitric oxide synthetase (iNOS), impaired deoxyribose nucleic acic (DNA) repair and cyclooxygenase-2 (COX-2) upregulation (which confers resistance to apoptosis45). Additionally, iNOS is upregulated in cholangiopathies and CCA 48. Inducible nitric oxide synthetase produces nitric oxide and reactive nitric oxide species (RNOS), that interact with cellular DNA and proteins to induce mutations and DNA strand breaks 1. Cholestasis causes cholangiocyte proliferation as a result of bile acid signalling driving activation of growth factors 49. Once epithelial clonal proliferation is established, genetic and epigenetic mutations drive unlimited replication (through activation of telomerase reverse transcriptase [TERT]), evasion of apoptosis (COX-2 and Bcl-2 mutations), angiogenesis (vascular endothelial growth factor [VEGF]) and invasion and metastasis (overexpression of subtypes of matrix metalloproteases [MMP], downregulation of E-cadherin and upregulation of N-cadherin) 1, 35, 49-52.   Genetic mutational analysis is hindered by small sample size and the heterogeneous nature of tumours studied. There is associative evidence that polymorphisms in key pathway genes may be implicated including biliary transporter proteins such as 
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ATP8B1 53, and hepatocyte metabolic enzymes including CYP1A2 and NAT2 54. Activating mutations of KRAS (22% overall incidence in studies, range 5-57% - unlike pancreatic cancer where mutations are present in >90% 55), BRAF (7% overall, 1-22%), Epidermal Growth Factor Receptor (EGFR) (2% overall, range 0-20%) and IDH1/2 (14% overall) have been identified. Additionally, loss-of-function mutations of p53 (15% overall, range 0.7-37%) have been reported for intrahepatic CCA (Studies summarised in 49). The contributory significance of these different mutations is not yet clear. However, mutation of p53 is known to play a role in cholangiocarcinogenesis in experimental models 56, 57.  Chromosomal aberrations in CCA have been infrequently studied, with reports relying on small data sets and different ethnicities. The largest study to date analysed 149 intrahepatic CCA lesions in the United States and Europe, identifying gains at 1q and 7p, with losses for 3p, 4q, 6q, 13q, 14q, 17p and 21q chromosomes 58.   Aberrant epigenetic regulation of CCA through promotor hypermethylation and micro ribonucleic acic (miRNA) dysregulation has been identified, in a similar fashion to other solid organ tumours. Aberrant methylation of genes include SOCS-3 (implicated in IL-6/STAT3 activation, 27% of CCA tumours), p14ARF (prevents p53 degradation and therefore cell cycle arrest, 18% CCA), and RUNX3 (42% CCA). Specific tumour suppressor genes that appear to be hypermethylated include p16INK4a/CDKN2 (47% CCA), RASSFA1A (56%) and APC (29%) (summarised in 49). A panel of 38 miRNAs has been identified in a small number of intrahepatic CCAs with interactions with key signalling pathways including HGF/MET and IL-6/STAT359. Specific miRNAs such as mir-21460, mir-2161 and miR-200c62 have also been shown to correlate with poor prognosis in intrahepatic CCA. However, these data remain small scale and preliminary and, as such, should be interpreted with caution49.   
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Selected dysregulated signalling pathways in cholangiocarcinogenesis  Multiple pathways are known to be dysregulated during carcinogenesis. Some of the pathways have been identified as playing a role in development of CCA.  
Hedgehog signalling: These pathways are important in embryogenesis, wound healing and stem cell homeostasis 63. Subtypes include sonic hedgehog, Indian hedgehog and desert hedgehog. Dysregulation of hedgehog pathways has been associated with a broad range of malignancies 64. Hedgehog receptors comprise Patched and Smoothened which, when canonical or non-canonical ligands bind, result in nuclear localisation of the transcription factor Glioma-associated oncogene homologue and subsequent downstream pathway activation. Hedgehog signalling components have been found to be associated with poor outcomes and metastases in human intrahepatic CCA specimens 65. In co-culture in vitro models, hepatic stellate cells appear to drive CCA cell line growth, migration and invasion through hedgehog-mediated pathways 66. As such, this pathway represents a potential therapeutic target in CCA.  
Interleukin-6 /signal transducer and activation of transcription (Il-6/STAT) 
signalling: IL-6 is a known mitogen that is secreted in inflammatory conditions, is upregulated in biliary inflammatory disorders and CCA 67, 68 and is known to be a critical signaling molecule in other human cancers 69. Interleukin-6 drives growth of malignant cholangiocytes 70 and interacts with multiple cell cycle pathways. Interleukin-6 binds to gp130 receptor which activates the Janus kinase (JAK)/STAT3 pathway and so drives expression of multiple genes essential for cell growth, differentiation, proliferation, and resistance to apoptosis 71. Interleukin-6 activates p44/p42 and p38 mitogen-activated protein kinases (MAPKs)67 which are critical for cholangiocyte proliferation. In addition to a direct effect of inflammation on IL-6 expression, it is possible that IL-6 is upregulated in CCA as a result of SOCS-3 epigenetic silencing70.  
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Epidermal growth factor receptor: Members of the EGFR family (particularly EGFR and ERBB2 [HER-2/neu]) are associated with CCA. Over-expression has been reported in 10-32% of CCA 49, 72 and is thought to be due to a loss of internalisation of the ligand-receptor complex (and thus loss of homeostatic receptor inactivation). Experimental inhibition of EGFR signalling downregulates CCA growth in vitro 73. EGFR and ERBB2 drive COX-2 expression in CCA through activation of p44/p42 and p38 MAPKs. COX-2 expression inhibits apoptosis and promotes cell growth in CCA 1.   
Hepatocyte growth factor/c-Met signalling: Hepatocyte growth factor expression by CCA cells and overexpression of the c-Met receptor has been noted in intrahepatic CCA74. Experimental studies have identified autocrine stimulation of CCA growth 75 and invasion 76 as a result of HGF-c-Met signalling. Furthermore, HGF/c-Met activation triggers MAPK, PI3K/AKT and STAT signalling cascades (similar targets of IL-6 and EGFR signalling) 49, 77.   A complex network of signalling pathways has emerged, many of which interact with each other and have similar effective outputs. IL-6, EGFR and HGF pathways all interact with COX-2, MAPK, PI3K/AKT and STAT signalling systems. These pathways have all been found to promote different aspects of CCA cell survival and proliferation. Furthermore, there are complex relationships between the main signalling pathways as illustrated by activating mutations of EGFR that drive IL-6 signaling in lung cancer78, promoting lung cancer growth. IL-6 is thus both up- and downstream of other key oncogenes 1.   A potential additional signalling mechanism that may interact with these systems is the Notch pathway. Inducible Nitric Oxide Synthetase is associated with Notch1 signaling in CCA where Notch1 appears to confer resistance to apoptosis. Notch1 upregulation by iNOS appears to be mediated through the JAK/STAT pathway (via c-Jun N-terminal kinase; JNK), but not MAPK or COX-2 pathways79. For example, IL-6 is known to drive expression of Notch-3 (a potent stem cell regulator) in breast cancer 80. Epidermal growth factor receptor pathways are closely related to Notch 
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signalling as Notch receptors have multiple EGFR repeats in their extracellular components 81, both pathways exert activity through gamma-secretase 82 and Notch-1 signalling mediates control over EGFR signalling via p53 83.   
 
Clinical Presentation and Diagnosis 
 CCA typically presents at a late stage when treatment options are limited and the prognosis for patients is dismal. Patients with extrahepatic or hilar lesions manifest clinically with features of obstructive jaundice, including icterus, pruritis, steatorhoea and dark urine (conjugated bilirubin) whereas weight loss and pain are late features. Conversely, patients with intrahepatic CCA (or hilar lesions with only one duct occluded) more commonly display abdominal pain or systemic features of malignancy such as malaise and weight loss. Furthermore, a sizeable proportion of lesions are detected incidentally whilst investigating other symptoms.   There are no diagnostic blood investigations for CCA. Liver function tests may be deranged with an obstructive pattern (raised alkaline phosphatase, bilirubin and gamma glutamyl transpeptidase). Aminotransferases may also be raised in acute obstruction or cholangitis. Furthermore, derangements of clotting profiles (prolonged prothrombin time) or reduction in fat-soluble vitamins (A, D, E, and K) may arise from chronic obstruction. Systemic malignancy-related abnormalities include reduced albumin, lactate dehydrogenase and anaemia 84. There are no serum tumour markers specific for CCA. Markers such as carbohydrate antigen 19-9 (CA19-9; 85% of patients), carcinoembryonic antigen (CEA; 40-50%) and carbohydrate antigen 125 (CA 125; 30%) may be elevated in CCA 85. Although CA19-9 is raised in the majority of patients with CCA and is currently the most useful tumour marker, it does not distinguish between CCA, pancreatic, or gastric malignancy and may also be elevated in severe hepatic injury from any cause (including obstructive jaundice) 35. CA19-9 may be useful in identifying patients with PSC who proceed to develop CCA as when measured at 100 U/mL it has a sensitivity of 75% and specificity of 80% for CCA in PSC 86. However, the sensitivity falls to 53% in patients without 
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PSC, with a specificity of 76% and 92% when compared against non-malignant liver disease and benign bile duct strictures respectively 87. Currently, it is recommended that a panel of serum markers be assessed but that diagnosis should not be based on the results 85. Other serum markers, such as serum cytokeratin-19 fragment (CYFRA 21-1) and CA242, have been reported to have higher specificities than CA 19-9 for intrahepatic CCA in a limited number of studies, but are not in routine use 7, 88-90.   As an initial diagnostic tool, the majority of patients undergo upper abdominal ultrasound scanning to identify the presence of biliary tree dilatation, cholelithiasis and mass lesions. Computed tomography (CT) scanning identifies lesions with more accuracy and is useful for tumour staging 91. However, magnetic resonance (MR) imaging is the modality of choice for suspected CCA 92, delineating hepatobiliary anatomy and the local extent of the tumour, hepatic parenchymal abnormalities and the presence of liver metastases. The extent of bile duct involvement is identified by MR cholangiopancreatography (MRCP) and hilar vascular invasion is studied using MR angiography. Combined positron emission tomography and computed tomography (PET-CT) with [18F]-fluorodeoxyglucose provides both metabolic and anatomic information and has high sensitivity and specificity for intrahepatic CCA and distant metastases but lower accuracy for extrahepatic lesions and locoregional lymph nodes 93. Sensitivity and specificity of integrated PET-CT in identifying primary lesions is reported as 93% and 80% for intrahepatic CCA but as low as 55% and 33% for extrahepatic CCA 94. Currently, this modality is only used in a clinical trial setting or in specific clinical cases, for example when attempting to elucidate whether a bile duct stricture is benign or malignant.   Tissue diagnosis is important both for diagnostic certainty and for planning of chemotherapeutic trials. However, it is not essential before surgery and UK guidelines recommend avoidance of open or percutaneous biopsy techniques in potentially curable patients due to the risk of tumour seeding 85, 86. The Mayo Clinic, Rochester does not perform transperitoneal biopsies where curative strategies may be employed in order to avoid tumour cell seeding along the needle track 95. Staging laparoscopy may be employed to determine the presence of peritoneal or superficial 
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liver metastases in those considered resectable on imaging, as additional criteria of unresectability are identified in one third of cancers 96. Where appropriate, endoscopic retrograde cholangiopancreatography (ERCP) or percutaneous transhepatic cholangiography (PTC) may be used for tissue acquisition, and epithelial brushings or bile samples may be obtained for cytology and fluorescent in situ hybridisation (FISH) studies. Confident diagnosis of malignancy is difficult and a negative result does not exclude CCA. Indeed, brush cytology is positive in only 15-70% of CCA 97, 98, with FISH appearing to improve diagnostic sensitivity in lower yield diagnostic series 98.  Endoscopic ultrasound is useful in the assessment of distal extrahepatic lesions, can identify local lymphadenopathy, and with fine needle biopsy may be more sensitive and less likely to contaminate the biliary tree than ERCP with brushings 99. Diagnostic cholangioscopy (e.g. SpyglassTM) appears to have significantly higher sensitivity and overall accuracy than conventional ERCP-guided cytology brushings and standard forceps biopsies in the assessment of indeterminate biliary lesions 100, 101. Novel imaging modalities such as confocal laser endomicroscopy 102 and light scattering low-coherence enhanced backscattering spectroscopy (LEBS)103 remain experimental but have potential for in situ diagnosis of CCA    
Staging of CCA 
 Staging of the anatomical extent and spread of CCA lesions is necessary to determine therapeutic options and estimate disease prognosis. Inaccurate staging may result in inappropriate selection of treatment that either deprives patients of a potentially curative procedure or exposes them to undue morbidity and mortality. Additionally, staging assists in evaluation of intervention, facilitates the exchange of information between treatment centres and contributes to the study of cancer.   Several distinct classification systems exist for subtypes of CCA. There are three main staging systems for intrahepatic CCA – the AJCC/UICC TNM system 6, the LCSGJ system 104 and the National Cancer Centre of Japan (NCCJ) staging system 
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105. The main difference between the systems is the weighting placed on the T stage of the tumour, in terms of the significance of size, number of lesions and vascular invasion7. The performance of these systems has been studied by analysing the outcomes of 598 surgically treated, microscopically confirmed cases of intrahepatic CCA from the Surveillance, Epidemiology and End Results (SEER) database 106. Although the LCSGJ system was found to identify no difference in survival between different T states, when all three systems and a modified version of the AJCC/UICC TNM system (6th edition) – where the significance of tumour size and multiple tumours was removed – were analysed, they performed comparably to each other in overall predictive value.   With regard to hilar CCA, systems that have failed to demonstrate accurate predictive value include the Memorial Sloan-Kettering Cancer Center system  107. Two newer staging systems have been proposed – from the Mayo Clinic 108, and from an international working group co-ordinated from Zurich 109 – but these have yet to be externally validated. There are no isolated staging systems for distal extrahepatic CCA.  The most commonly used staging system for CCA is the AJCC/UICC TNM classification system that considers the extent of the tumour (T), lymph node involvement (N) and the presence of metastasis (M)6. Prior to treatment, a clinical classification (TNM or cTNM) is used to select the most appropriate treatment strategy based on imaging and biopsies. Pathological classification is only possible following tissue diagnosis from a resection specimen (pTNM). The TNM score is then converted to a Stage (0-IV).   Importantly, the new 7th edition of the AJCC/UICC TNM Manual 6 considers intrahepatic CCA and extrahepatic CCA separately, with a further subdivision of extrahepatic CCA into hilar and distal lesions. Of note, 5% of extrahepatic cholangiocarcinomas are multifocal. Assessment of the 7th edition suggests it accurately predicts survival in resectable intrahepatic lesions, provided lymphadenectomy has been performed 11. Inevitably, groups have proposed further 
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modifications 110, which will likely be assessed in future iterations of the Manual. However, the 7th edition represents the most widely accepted staging system internationally. In view of the practical necessity for oncologists and surgeons to co-operate within the broader remit of trials and studies of gastroenterological cancers in general, it is the system which is most likely to benefit from further refinement, with an emphasis on improving pre-operative staging accuracy in order to optimise stratification of therapy.  With respect to CCA in broad terms, stage 0, I and II are potentially curative whereas III and IV are considered surgically irresectable 111.  
 
Figure 1.5 – TNM 7th edition staging of CCA.   
Surgical Treatment of CCA  Complete surgical resection of the tumour (an R0 resection is defined as a 5mm tumour free resection margin) is the only broadly available curative strategy but this is suitable for only 6.3% of patients 112. The Bismuth classification is most commonly used to determine the surgical approach undertaken dependent upon the anatomical features of the lesions (Fig 1.2B.) Even for “resectable lesions”, post-surgical five year survival rates range from 11-44% depending on anatomic location of the tumours and the treatment series 1. Five-year survival rates following resection of intrahepatic CCA, distal extrahepatic CCA and hilar tumours are 22-44%, 27-37% and 11-41% respectively 85, 113, 114. Recent multi-centre data identified that median survival for intrahepatic CCA after surgical resection was 27.3 months. One-, 3-, and 5-year overall survival was 77.5%, 44.3%, and 30.7%, respectively115.   There is no role for liver transplantation to treat intrahepatic lesions due to rapid recurrence 116, neither is transplantation suitable for distal extrahepatic lesions where resection remains the most appropriate strategy with curative intent. However,  
Figure 1.5: AJCC 7th Edition TNM Classification of CCA 
TNM Classification for Intrahepatic CCA 
Primary Tumour (T) 
Tx Primary tumour cannot be assessed 
T0 No evidence of primary tumour 
Tis Carcinoma in situ (intraductal) 
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T2a Solitary tumour, vascular invasion 
T2b Multiple tumours (+/- vascular invasion) 
T3 Tumour perforating visceral peritoneum or  
 directly invading local extra-hepatic structures 
T4 Tumour with periductal invasion 
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Nx Regional lymph nodes cannot be assessed 
N0 No regional lymph node metastasis 
N1 Regional lymph node metastasis identified 
 
Distant Metastasis (M) 
M0 No distant metastasis 
M1 Distant metastasis identified 
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Stage IVb AnyT AnyN M1  
Primary Tumour (T) 
Tx Primary tumour cannot be assessed 
T0 No evidence of primary tumour 
Tis Carcinoma in situ (limited to mucosa) 
T1 Tumour histologically confined to bile duct 
T2 Tumour invades beyond wall of bile duct but no 
 further 
T3 Tumour invades gallbladder, pancreas,  
 duodenum, or other adjacent organs but no  
 involvement of coeliac axis or superior  
 mesenteric artery 
T4 Tumour involves coeliac axis or superior  
 mesenteric artery 
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TNM Classification for Distal Extrahepatic CCA 
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Primary Tumour (T) 
Tx Primary tumour cannot be assessed 
T0 No evidence of primary tumour 
Tis Carcinoma in situ  
T1 Tumour histologically confined to bile duct to 
 muscularis or fibrous layer 
T2A Tumour invades beyond wall of bile duct into 
 surrounding adipose tissue 
T2B Tumour invades adjacent hepatic parenchyma 
T3 Tumour invades unilateral branches of hepatic 
 artery or portal vein 
T4 Tumour invades main portal vein or branches 
 bilaterally; or common hepatic artery; or    
 second-order biliary radical bilaterally; or  
 unilateral second-order biliary radicals with  
 contralateral portal vein or hepatic artery  
 involvement  
 
 
Regional Lymph Nodes (N) 
Nx Regional lymph nodes cannot be assessed 
N0 No regional lymph node metastasis 
N1 Regional lymph node metastasis identified
 (including nodes along the cystic duct, common 
 bile duct, hepatic artery, and portal vein)  
N2 Metastases to periaortic, pericaval, superior 
mesenteric artery, and/or celiac artery lymph nodes  
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M0 No distant metastasis 
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TNM Classification for Extrahepatic Hilar CCA 
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liver transplantation with neo-adjuvant chemoradiotherapy for localised, irresectable hilar CCA is a controversial option that shows promise in experienced hands 117. The technique has been pioneered at the Mayo Clinic, Rochester. The authors report a 54% 5 year survival for patients selected to enter into the transplant programme and a 73% 5 year survival following liver transplantation. Early attempts by a small number of institutions failed to replicate the apparently excellent results from the Mayo Clinic. Explanations may include local deviations from the Mayo protocol, such as pre-operative biopsying and a lower completion rate of neo-adjuvant brachytherapy118. A recent analysis of data from 12 transplant centres in the United States reviewed the outcomes of 287 patients treated for CCA (216 patients transplanted, 71 dropped out). 193 patients were from the Mayo Clinic, although survival rates were reported as similar across all centres. The overall 5 year survival was 53% whereas the post-transplant five year recurrence free survival was 65% 119.  
Figure 1.6 – Mayo Clinic Transplant Protocol for Hilar CCA  Patients who require extended hepatectomy with a predicted future liver remnant of less than 25% benefit from ipsilateral portal vein embolisation to induce compensatory hypertrophy in the presumptive remnant. This has reduced the incidence of liver failure in extended hepatectomy from 20% to 6% 120. Pre-operative jaundice is associated with poor post-operative outcomes from major hepatectomy for CCA, however pre-operative biliary drainage does not improve survival 121 and reduced survival from pre-operative percutaneous transhepatic biliary drainage have been noted by some groups 122. Adjuncts such as pre-operative biliary drainage to mitigate the effects of distal obstructions causing cholestasis and liver failure should be avoided as there is no evidence of survival benefit, 123, 124 but instead a significantly increased risk of septic complications of the biliary tree due to instrumentation (74% in patients undergoing biliary drainage compared with 39% in those proceeding straight to surgery) 124. However, biliary drainage should still be considered for those who are severely malnourished or have acute suppurative cholangitis but remain candidates for surgical resection 85, 125, 126. 
Figure 1.6: Mayo Clinic protocol for liver transplant treatment of hilar CCA 
External beam radiation therapy (45 Gy in 30 fractions, 1.5 Gy twice daily)  
5-FU (continuous infusion) 5-FU  
Three week course 
Brachytherapy (20 Gy at 1 cm in approximately 20–25 hours)  
Two week break 
Capecitabine  
Administered until transplantation  
 
As time nears for deceased donor transplant or day before living donor transplant: 
Staging abdominal exploration  
(capecitabine withheld during perioperative period for staging) 
Liver Transplantation 
Analysis of 12 USA transplant programmes identified that for patients treated as 
above, the overall 5 year survival was 53% whereas the post-transplant five year 
recurrence free survival was 65% (Darwish Murad Gastroenterology 2012;143:88-98)  
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Palliative Strategies in the management of CCA  For the overwhelming majority of patients for whom treatment with curative intent is not available, given the short life expectancy, the goal of care should be focused first on quality of life and relief of symptoms (pain, pruritis, jaundice) and second on extending survival. When a patient is deemed irresectable, the diagnosis should ideally be confirmed by biopsy in order to assist in palliative chemotherapy and/or radiation therapy 125. Relief of jaundice is undertaken by operative biliary-enteric bypass or biliary stenting. Biliary stents may be placed via either ERCP or PTC. Metal stents have more favourable cost outcomes if the patient is expected to survive longer than six months 127. Semicovered stents appear to have superior patency rates to uncovered metal stents 128.    
Photodynamic Therapy  Photodynamic therapy (PDT) for irresectable biliary tract cancers involves photosensitisation with intravenous haematoporphyrin followed by endoscopically delivered local photoirradiation with a laser. Early, small studies suggested that PDT for irresectable extrahepatic lesions improved survival compared to biliary stenting alone 129, 130. Survival was shown to be 16.4 months v 3.3 months 129 and 21 months v 7 months 130. Post-procedural cholangitis is a common complication 102. However, the United Kingdom Photostent-02 trial, which aimed to recruit 240 patients, closed early at 92 participants. This study identified poorer survival outcomes for PDT plus stenting (5.6 months) versus stenting alone (8.5 months) with a Hazard Ratio of 1.6 (corrected for chemotherapy)131. Reasons for the excess risk from PDT are not currently clear but PDT cannot currently be recommended for routine use.  
Chemoradiotherapy 
 There is no current evidence to support the use of adjuvant chemotherapy or radiotherapy in resectable tumours 85. There are a number of actively recruiting 
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registered therapeutic studies:  chemotherapy (26 trials), radiotherapy (9), RFA (6), PDT (2), chemotherapy and liver transplantation (2), and biological therapy (2). (A search of clinicaltrials.gov on 11 July 2013 with search terms cholangiocarcinoma OR bile duct cancer, followed by a manual search, excluding closed or unknown trial status). There is no evidence to support adjuvant (post-operative) chemotherapy or radiotherapy outwith the clinical research trial setting, given the poor outcomes currently obtained 22. The BILCAP trial is currently recruiting in the United Kingdom - a randomised clinical trial evaluating adjuvant capecitabine chemotherapy (oral 5-fluorouracil) compared to expectant treatment alone following surgery for biliary tract cancer. The trial is expected to report in 2015. There are currently no robust data addressing the effect of neoadjuvant (pre-operative) chemotherapy.  Until recently, for patients with inoperable CCA, chemotherapy was not routinely employed due to poor results and small studies. In 2010, the Advanced Biliary Cancer -02 (ABC-02) trial of cisplatin with gemcitabine was shown to provide a survival advantage of 3.6 months over gemcitabine alone for patients with locally advanced or metastatic biliary tract cancer (11.7 v 8.1 months) 132 without the addition of significant toxicity. This regime shows an equivalent cost-effectiveness compared to gemcitabine alone 133 and has now been recommended for patients with locally advanced or metastatic irresectable CCA in the United Kingdom 85 .  
 Radiotherapy may be delivered as external beam, intraluminal brachytherapy (via drains) or radioactive spheres 134. Although some studies have demonstrated the utility of adjuvant external beam radiotherapy in CCA, large prospective randomised studies are limited and convincing evidence for radiation therapy as a standard adjuvant treatment for CCA is lacking. There is also currently no evidence to support adjuvant external beam radiotherapy in patients with negative resection margins 135 136. Similarly, in patients with irresectable disease, although retrospective USA SEER database studies have suggested prolonged survival for intrahepatic CCA137 and extrahepatic CCA138 when external beam radiotherapy is combined with biliary tract stenting compared to stenting alone, robust clinical trial data are not available. 
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Radiotherapy is not recommended outwith a clinical trial setting. Radiotherapy may however have palliative value, for example in treating localised metastases or uncontrolled bleeding 85.   
Other Therapeutic Strategies   Other strategies currently employed in hepatocellular carcinoma and colorectal hepatic metastases have been assessed in irresectable CCA. These techniques remain essentially experimental for CCA and include transcatheter arterial chemoembolisation 139, 140, radiofrequency ablation (RFA)141 and microwave ablation of tumours, and radioembolisation using (90)Y microspheres142. Early data show potential promise but no formal trial data yet exist.   There is increasing interest in the applicability of targeted biological agents such as inhibitors of the IL-6, VEGF, EGFR, ERBB2 and HGF/c-Met signalling pathways that are upregulated in CCA. Examples include the Advanced Biliary Cancer-03 (ABC-03) trial, which is a randomized, phase II/III study of cediranib (AZD2171 – VEGF receptor tyrosine kinase inhibitor) or placebo in combination with cisplatin/gemcitabine for patients with advanced biliary tract cancers143.  
 
Figure 1.7 - Signaling pathways and molecular therapies in intrahepatic CCA, 
together with a summary of current trials.  Given the current dismal clinical outcomes, further research to clarify the biology of CCA is urgently required to develop targeted therapies. Solid organ tumour biology is being gradually understood; multiple therapeutic targets exist, not only in terms of cellular pathways of malignant cells, but also focused targeting of cancer stem cells and non-malignant cells within the tumour mass that serve to promote tumour growth and worsen outcomes.  
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Treatment Targets Clinical Phase No of Trials Trial Type 
everolimus mTOR II 2 NRCT 
chemo+/- cetuximab EGFR II 2 NRCT/RCT 
chemo +/- panitumab EGFR II 5 NRCT/RCT 
chemo +/- bevacizumab VEGF-A II 2 NRCT 
chemo+/- cediranib VEGFR II , II/III 2 NRCT/RCT 
chemo +/- vandetanib VEGFR, EGFR I , II 2 NRCT/RCT 
chemo + sorafenib BRAF, VEGFR, PDGR I , II 1 NRCT 
chemo + selumetinib MEK 1/2 I , II 1 NRCT 
Figure 1.7: Signalling Pathways and Molecular Therapies in Intrahepatic CCA  
Summary of ongoing Phase II/III trials using targeted therapy.  
(Adapted from Sia Jan 2013 Oncogene, onc2012617 [pii] 10.1038/onc.2012.617) 
Chemotherapy regimes include gemcitabine, cisplatin and mFOLFOX 
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2. The Tumour Microenvironment in Solid Organ Malignancies:  
 
Chronic inflammation in the microenvironment around cancer cells promotes 
proliferation, drug resistance and angiogenesis.   Solid organ tumours are heterogeneous three-dimensional structures consisting of malignant cancer cells couched in a tissue stroma. This specialised microenvironment bears striking similarities to an on-going wound reaction 144. The cellular elements of the tumour stroma include fibroblasts, myofibroblasts, immune cells (tumour-associated macrophages, lymphocytes, mast cells), vascular cells (endothelial cells, pericytes, smooth muscle cells), and adipocytes. These are embedded within a modified ECM. Furthermore, the tumour niche is rich in inflammatory profibrotic and angiogenic cytokines 145. Indeed, the cytoarchitectural features and mechanisms of tumour development comprise a disordered form of organogenesis, prompting some commentators to argue that solid tumours should be viewed as neo-organs 146. Histologically, CCAs are characterised by the presence of an extensive tumour stroma147, but relatively little is known about the specific roles played by the stromal elements in CCA lesions.   The tumour stroma plays an important role in cancer progression and metastasis with complex bidirectional interplay between tumour cells and their niche elements. Tumour stroma is rich in two predominant cell types - myofibroblasts and tumour associated macrophages. The overall mechanism by which the tumour stroma promotes cancer growth is due to an unintended consequence of the homeostatic role played by stromal elements (both cellular and ECM) in attempting to re-establish tissue healing. Although this is a desired process in damaged, inflamed tissue (whether the induced injury is infective, traumatic or hypoxic), in tumours this is a maladaptive process due to the persistence of malignant cells that take advantage of the restorative mileau with the result that tumour growth is promoted by the “healing stroma”.   
Figure 1.8: Macroscopic and microscopic features of human intrahepatic CCA   
Figure 1.8: Macroscopic and microscopic features of human intrahepatic CCA 
 
A and B: Intrahepatic mass forming CCA; C and D: Hilar periductal infiltrating CCA;  
E and F: Intrahepatic Intraductal/Papillary CCA  
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Extracellular Matrix in health and malignancy 
 The extracellular matrix in normal tissues comprises of basement membrane and interstitial matrix. The basement membrane is produced jointly by epithelial/endothelial and stromal cells to separate epithelium/endothelium from stroma, whereas the interstitial matrix is primarily made by stromal cells and contributes to the tensile strength of tissues. Basement membrane (collagen IV, laminins, fibronectin, and linker proteins such as nidogen and entactin, which connect collagens with other protein components) is more compact and less porous than the highly charged and hydrated interstitial matrix (fibrillar collagens I [the main constituent], III, V and XI, proteoglycans, and glycoproteins such as tenascin C and fibronectin) 148. In addition to determining tissue stiffness, the ECM acts to provide cellular anchorage within tissues and control cell migration (either by inhibiting it or by permissively enabling migration routes). The ECM also acts as an extracellular reservoir of signalling molecules, creating signalling concentration gradients (e.g. sonic hedgehog in limb bud development 149) and acting as a pool of cytokines that may be released upon remodelling of the ECM (e.g. VEGF-A) 150. The ECM can present matrix-bound signalling molecules to cells (e.g. matrix-bound transforming growth factor β, TGFβ 151) and also act as a co-signaller in concert with matrix-bound ligands (e.g. fibroblast growth factor, FGF) signalling requiring heparin sulphate as a cofactor 152). This relationship is bidirectional, as growth factors such as TGFβ also regulate the ECM itself by increasing target cell production of ECM components or enhancing synthesis of matrix degrading enzymes 153. These matrix breakdown products themselves (derived from the remodelling action of MMPs) act as behavioural signals to tissue cells 154. Cells bind to the ECM through focal adhesion complexes (integrins and an aggregation of adaptors and signaling proteins) that may be viewed as mechanosensors linking the cellular cytoskeleton with the ECM 148 and reacting dynamically to changes in ECM tension, such as changes in stiffness/tension that control cell polarity and phenotype 155.   In the inflammatory microenvironment of cancer, the normal composition of the ECM is radically altered due to the behaviour of stromal cells (predominantly 
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fibroblasts but also macrophages) that act within the initially inflammatory response followed by the “healing” phenotype of the microenvironment. ECM is thus generated that abnormally persists. The tumour-associated ECM differs from the basement membrane and interstitial matrix of healthy organs both anatomically 156 and in terms of relative contribution of different components 157, 158. The desmoplastic (or reactive) stroma of many advanced tumours demonstrate increased scar-associated fibrillar collagens (I and III predominantly) at the expense of basement membrane collagen (IV) 159. These collagens are often linearised and crosslinked, which progressively stiffens the ECM 160 and induces diverse effects on cellular differentiation, gene expression, proliferation, survival and migration 155. For example, linearized collagens appear to upregulate migratory capacities in cancer cells 160 that are able to rapidly transit along the neo-fibrils in a mechanism that is likely to be, at least in part, integrin-mediated 161. Conversely, collagens act as an anatomical barrier to cell migration in health and disease, and therefore proteolytic degradation of ECM collagens are essential for tissue invasion in many solid cancers 162 163.   Several studies of different tumour types have demonstrated the role of ECM components in enhancing cancer cell tumourigenicity 164 and conferring resistance to chemotherapeutic agents 165, 166, mediated principally through integrin signalling. The ECM is an essential player in the physiological maintenance of stem cell niches, as evidenced by depletion of cell receptors such as integrins 167 or by modification of the components 168 or stiffness 169 of the ECM itself. This concept has been postulated to persist in cancer, which is in essence a disordered stem cell niche. It is possible that deregulated ECM dynamics within stem cell niches may lead to cancer stem cell overexpansion and loss of differentiation. This remains to be tested rigorously 148.  Physiological and tumour angiogenesis is in part directed and facilitated by the ECM. VEGF-A, a key regulator of angiogenesis, is ECM-bound 170 and released by macrophages degrading the matrix. Multiple proteolytic components of the ECM regulate angiogenesis 148 and indeed even stiffness (induced by tissue hypoxia that 
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upregulates cross-linking of the ECM via lysyl oxidase (LOX)-like protein-2 171). This upregulates neo-vascularisation. In acute inflammation, the proteolytic fragments of the “damaged” ECM act as chemoattractants for immune cells 172. In established tumours, the ECM plays unclear roles in tumour immunity as the ECM upregulates T cells 173, but it is notable that collagen I (a key over-expressed component of tumour stroma), appears to inhibit the activation and cytotoxic tumour cell killing capacity of macrophages 148, 174, possibly through the leucocyte-associated immunoglobulin-like receptor-1 (LAIR-1)  175.    
Fibroblasts in health and disease  Fibroblasts comprise the mesenchymal, non-vascular, non-epithelial and non-inflammatory cells of the connective tissue and are the major cellular contributor to this compartment 176. Fibroblasts display remarkable heterogeneity across different organs 177 with differentially expressed genes (that control ECM synthesis, lipid metabolism, and cell signalling pathways) depending on anatomic location of the cells.   In health, fibroblasts play an important role in tissue homeostasis by controlling the phenotype of the ECM, in which they are embedded, bound to the ECM by receptors from the integrin, heparin sulphate and proteoglycan families 178. The ECM is to a large extent synthesised by fibroblasts that produce components of both the basement membrane (Type IV collagen, laminin) and the fibrillar ECM (Type I, III & V collagens, fibronectin, proteoglycans) 177, 179-181. In addition, fibroblasts remodel the ECM by producing MMPs and their inhibitors, tissue inhibitors of metalloproteinase (TIMPs) 177, 181. Fibroblasts appear to play the major role in maintenance of interstitial pressure in normal tissues by actively regulating the tension applied to the ECM through collagen-binding β1 integrins that exert tension on the collagen microfibrillar network which in turn restrains the intrinsic swelling pressure of hyaluronin and proteoglycans in the ECM182, 183. Fibroblasts also play an important role in controlling epithelial morphogenesis as identified from skin models 184. This 
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has been confirmed by the mouse “cleared mammary fat pad” model, where co-injection of human fibroblasts together with mammary breast epithelial cells is necessary to enable the transplanted epithelial cells to develop into breast epithelial structures 185.   In the context of inflammation and wounds, fibroblasts undergo a change from their normal relatively quiescent state, to a proliferative and contractile phenotype termed myofibroblasts, characterised by activated intracellular contractile element synthetic pathways such as α-smooth muscle actin (α-SMA) filaments186. Myofibroblasts play a prominent role in wound repair by migrating into damaged tissues in response to multiple growth factors including TGFβ1187 platelet derived growth factor (PDGF), and FGF 188. TGFβ signalling appears to play a cytodifferentiating rather than a proliferative role 189. Although it is inhibitory to epithelial cell growth, TGFβ in the context of cancers has been found to be abundantly expressed as cancer cells “acquire resistance” to the inhibitory effects of TGFβ signalling and instead utilise the cytokine to promote their tumour stroma phenotype 190. This is in contrast to PDGF, which appears to act as a mobiliser rather than a transformer of fibroblasts189. In wound healing, fibroblasts upregulate production of ECM components (especially collagens) that form a scaffold for other tissue healing cells 191, actively facilitate wound contraction 192 and promote other cellular contributors to the healing wound, such as keratinocytes in injured skin 193. Following resolution of tissue injury, myofibroblasts regress at the wound site and basal conditions are restored 194, although it is unclear whether the myofibroblasts revert to fibroblastic phenotypes 195 or undergo apoptosis 196 followed by repopulation of fibroblasts in the previously injured tissue 180.  In persistent scars 197 and fibrotic tissue disorders such as idiopathic pulmonary fibrosis 198, these cells do not regress but persist. In cancer, a similar persistence of activated fibroblasts occurs at the tumour site 199 with concurrent production of ECM components, comprising the desmoplastic response to the lesion. Cancer-associated fibroblasts are commonly histologically identified by expression of α-SMA 179.    
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Cancer Associated Fibroblasts  Cancer-associated fibroblasts (CAFs) demonstrate significantly altered gene expression profiles in human specimens with changes in their expression profiles appearing to commence even at the carcinoma in situ stage (e.g. human breast cancer specimens) 200. Intriguingly, CAFs appear to be essential for experimental tumour initiation and not simply proliferation, as shown by separate experiments in cleared mammary fat pads of mice and rats where activated myofibroblasts were required for breast tumour establishment whereas steady state fibroblasts were insufficient 185 201 despite the administration of malignant epithelial cells. These are separate studies to the co-administration of fibroblasts and non-malignant breast epithelial cells into cleared mammary fat pads described in the above paragraph “Fibroblasts in Health and Disease”. The precise signals involved in this are as yet incompletely understood but CAFs appear to secrete tumour promoting cytokines including PDGF and HGF that encourage malignant cell growth 202 203. For example, CAF-derived periostin, (PDGF)-BB, prostaglandin E2 (PGE2) and sphingosine-1-phosphate (S1P) have been identified as mediators of cancer cell survival and chemo therapeutic resistance 204.  Furthermore, CAFs are necessary for the progression of cancer. Although normal fibroblasts both accelerate tumour formation 205 and reduce the cell dose 206required to form tumours in subcutaneous transplant models, a prostate cancer model has demonstrated the enhanced role of CAFs by directly comparing CAFs with normal fibroblasts: Significant tumour growth occurred when CAFs but not normal fibroblasts were admixed with prostate malignant epithelial cells in a subcutaneous transplant model 207.  A mechanism contributing to this may be the Stromal-cell Derived Factor/ Chemokine (C-X-C motif) ligand 12 (SDF-1/CXCL12) cytokine pathway whereby CAFs recruit endothelial cells into the stroma and direct cancer cell growth (as identified in transplanted MCF-7 breast cancer cells 208.) Chemokines that are known to be produced by CAFs including periostin, HGF, SDF-1, and Wnt-inducible signalling pathway 1v (WISP1v) 209. These have all been shown to stimulate cell migration and invasion of various human CCA cell lines in vitro 204.   
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Myofibroblasts are one of the major sources of excess ECM deposition, especially collagens 210. CAFs promote the invasive phenotype of cancer cells by secreting copious quantities of modified scar-associated ECM (that promotes survival in cancer cells) and by remodelling the ECM. For example, CAF-derived MMP1 activates proteinase-activated receptor 1 (PAR1) receptor in breast cancer cells, resulting in cell migration and invasion 211, whilst MMP3 cleaves E-Cadherin and drives epithelial-mesenchymal transition (EMT) in hitherto normal breast epithelial cells that acquire an invasive phenotype 179, 212. Seprase, a CAF-derived protease that remodels the ECM, has been implicated in cancer progression and represents a cancer-specific potential target for therapy 213, 214. Although incompletely understood, observations have been made of the enhancing role that fibroblasts play in establishment of successfully engrafted metastatic lesions in distant organs. Separate studies of experimental depletion of CAFs 215 and also a mouse model with attenuated fibroblasts (fibroblast-specific protein-1 (FSP-1) deficient fibroblasts) 216 resulted in reduced primary tumours and metastases.   Intriguingly, it has recently been observed that CAFs play a role in immune regulation of the tumour microenvironment. A subset of CAFs express fibroblast activation protein–α (FAP+). These cells in tumour stroma exhibit powerful immunosuppressive effects despite comprising only 2% of all tumour cells in established Lewis lung carcinomas. Experimental depletion of FAP+ cells caused rapid hypoxic necrosis of both cancer and stromal cells. These findings were replicated by depleting FAP-expressing cells in a subcutaneous model of pancreatic ductal adenocarcinomas 217. Indeed the observations made in the experimental depletion of CAFs by Liao et al 215 found that depletion of CAFs resulted in an immunological polarisation in tumours from a T helpler cell type 2 (Th2) (humoral immunity, considered to be tumour permissive) to a Th1 (cell mediated immunity, cytotoxic to cancer cells)218 phenotype. This resulted in suppressed recruitment of tumour-associated macrophages, myeloid derived suppressor cells, T regulatory cells, and decreased tumour angiogenesis and lymphangiogenesis. These immune modifications were thought to mediate the observed effects of CAF depletion.  
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Origins of Cancer Associated Fibroblasts 
 Cancer associated fibroblasts may be locally derived from adjacent normal tissue, may derive from the bone marrow or may arise as a result of EMT. Resident, or locally derived, cancer associated fibroblasts are mobilised by signalling factors as described above and transdifferentiate from quiescent fibroblasts to an activated myofibroblast phenotype.   Bone marrow derived fibroblasts arise from mesenchymal stem cells (MSC) in the bone marrow. Mesenchymal stem cells are less well understood than haematopoietic stem cells (HSC). Some argue that these cells should preferentially be termed mesenchymal stromal cells since cultured MSCs may comprise a number of cell type subsets and may be derived from other sources including adipose tissue, umbilical cord skin 219, 220 and tissue pericytes 221. Mesenchymal stem cell characteristics specifically require the demonstrable ability to undergo differentiation into osteoblasts, chondrocytes, adipocytes and fibroblasts 222. Mesenchymal cells play a regulatory role in the haematopoietic stem cell niche in bone marrow. Mesenchymal stem cells represent an extremely rare cell type within the bone marrow, comprising 0.01% to 0.001% of all mononuclear cells, compared to 1% for the HSC population 223, 224. There is currently no definitive set of cell surface markers, but human MSCs are considered to be adherent to tissue culture plastic and comprise cluster of differentiation 34- (CD34-), CD45- cells that express a combination of CD44+, CD73+, CD90+ (Thy-1 surface antigen), CD105+, CD106+ (vascular cell adhesion molecule-1 [VCAM-1]), and STRO-1+ markers225. Bone marrow derived fibroblasts have been found to contribute to both organ fibrosis 226 and tumour stroma 227, 228 in variable quantities (discussed in more detail below).   Epithelial-mesenchymal transition is a process by which local epithelial cells progressively acquire mesenchymal properties including invasive behaviour and characteristic cell surface markers; it is an important mechanism through which malignant epithelial cells are able to facilitate invasion 229. A number of triggers for EMT have been identified including hypoxia acting via the Twist pathway 230. 
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Transforming growth factor β signalling from CAFs appears to orchestrate EMT in established malignant epithelial cells in advanced cancers. These effects contrast with the antiproliferative and pro-apoptotic effect of TGFβ on normal epithelial cells 231. Epithelial-mesenchymal transition may be a source of fibroblasts in the tumour stroma. The proportional contribution of EMT to the tumour burden of CAFs is likely to be only a fraction of the total cell numbers. Laser capture microdissection studies of epithelial cells and CAFs have shown that although CAFs share a similar frequency of genetic alterations, these are rarely identical, suggesting a common origin for CAFs and epithelial cells in only a small number of cases 179, 232, 233. Although CCA cells are capable of EMT-like phenotypic changes, evidence in support of their complete transdifferentiation into αSMA+ CAFs is lacking 52.   
 
Macrophages in health and malignancy 
 Myelomonocytic cells (monocytes and polymorphonuclear granulocytes) are an essential component of innate immunity 234. Macrophages develop from circulating monocytes and are important residents of all tissues, where they play crucial roles in regulating tissue homeostasis. At steady state, tissue macrophages have intrinsic anti-inflammatory functions 235. These macrophages assist with the innate response to combating infection, resolving acute inflammation, and regulating the metabolic response to tissue stress 236, such as hypoxic and hyperglycaemic cell injury. Macrophage plasticity is central to their multiple functions and, mirroring the Th1/Th2 nomenclature of T cells, activated macrophages have been broadly categorised as either classically M1 activated or alternatively M2 activated 237.   M1 macrophages are activated by interferon γ (IFNγ) 238, 239 produced by natural killer (NK) cells, as part of the innate immune response, or by CD4+ helper T-lymphocytes. Interferon γ is also released by CD8+ cytotoxic T-lymphocytes and, to a lesser extent B lymphocytes, as adaptive immunity arises. Activation may be in sole response to IFNγ or in concert with lipopolysaccharide (LPS; a component of the outer membrane of Gram negative bacteria), as well as the cytokines TNF-α and 
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granulocyte-macrophage colony stimulating factor (GM-CSF) produced by a variety of cell types including T cells, macrophages, endothelial cells and fibroblasts upon receiving immune stimuli 237, 240, 241.  M1 macrophages play an important role in acute inflammation and innate immunity, producing effector molecules (reactive oxygen and nitrogen intermediates e.g. superoxide and nitric oxide, NO) and inflammatory cytokines (including IL-1b, TNF-α, IL-6), participating as inducers and effectors in polarized Th1 responses by (e.g. by expressing CXCL9 and CXCL10 237) and also mediating immunity to intracellular pathogens and tumour cells 242. M1 macrophages have high antigen presenting capability with upregulated Major Histocompatibility Complex (MHC) Class II expression 243 and are additionally characterised by an IL-12high, IL-23high, IL-10low cytokine expression phenotype. IL-12 and IL-23 are structurally related, proinflammatory cytokines that activate Th1 and Th17 lymphocytes which further drive inflammatory responses, whereas IL-10 expression is characteristically anti-inflammatory 244.   Although M1 macrophages are essential for immunity, they are implicated in host tissue destruction as part of the inflammatory response 245. This is because the inflammatory cytokines and mediators, such as superoxide and NO, that are produced may lead to collateral host-tissue damage, for example in rheumatoid arthritis 246 and inflammatory bowel disease 247. During resolution of an inflammatory episode, therefore, it is necessary to redirect the immune response towards a wound healing or tissue resolution phase. The precise control of the sequential roles of macrophage responses is unclear. Indeed, understanding the underlying mechanisms that restore homeostasis after an inflammatory reaction underpins the research efforts related to chronic inflammatory diseases 235.  M2 macrophages are a group of heterogenous non-classically activated macrophages. In contrast to the pro-inflammatory and antimicrobial profile of M1 macrophage responses, M2 macrophages exhibit potent anti-inflammatory activity and have important roles in wound healing, angiogenesis and fibrosis 235, 248. They also antagonise M1 macrophage responses, which may be crucial for the switch towards the wound healing response and for tissue homeostasis to be re-established. 
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Furthermore, recent studies have demonstrated that M1 macrophages may themselves transform into anti-inflammatory macrophages with an M2 wound-healing phenotype 235, 249.   M2 macrophages are subdivided according to their inducing stimuli. M2a macrophages arise after exposure to IL-4 or IL-13 as part of Th2 T cell responses. M2b macrophages are polarised by immune complexes in combination with Toll-like receptor (TLR) or IL-1 receptor agonists IL-1β or LPS. M2c macrophages are driven by exposure to IL-10, TGFβ or glucocorticoids 250. In converse to M1 macrophages, M2 macrophages are characterised by an anti-inflammatory IL-12low, IL-23low, IL-10high cytokine expression phenotype. Expression of reactive intermediates such as NO is abrogated, whereas, in addition to the expression of M2-specific chemokines such as Chemokine (C-C motif) ligand (CCL22), scavenger receptors such as SR-A and mannose receptor are upregulated 242.  In addition to the above monocyte polarising signals, GM-CSF and macrophage colony stimulating factor (M-CSF) have been found experimentally to polarise monocytes towards an M1 (GM-CSF) and M2 (M-CSF) macrophage phenotype (in terms of expression profiles) 244.  Granulocyte-macrophage colony stimulating factor treated cells express higher levels of pro-inflammatory cytokines such as IL-12 and IL-23 but lower levels of anti-inflammatory cytokines such as IL-10 when compared to M-CSF treated cells 251, 252. Macrophage polarisation using M-CSF and GM-CSF has experimental utility in that the receptors are exclusively expressed on haematopoietic cells. This ensures that cellular responses to M-CSF and GM-CSF during in vitro culture conditions are confined to haematopoietic cells rather than other cells in co-culture conditions.  The above linear model of M1 and M2 macrophages is accepted as an oversimplification and groups differ on how applicable they believe the generalisation to be. Mantovani et al are proponents of the model as described whereas Mosser and Edwards argue instead for a classification that recognises the heterogeneity of “alternatively activated macrophages” and instead use the terms 
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Classically Activated, Wound Healing and Regulatory macrophages. In Mosser’s model, classically activated macrophages arise in response to stimuli as described above. Wound-healing macrophages are similar to the descriptions of alternatively-activated macrophages (M2a) as they polarise in response to IL-4. Regulatory macrophages (analogous to M2b and M2c macrophages) are generated in response to various stimuli, including immune complexes, prostaglandins, G-protein coupled receptor (GPCR) ligands, glucocorticoids, apoptotic cells or IL-10. Each of these three populations has a distinct physiology. Classically activated macrophages (M1) have microbicidal activity, whereas regulatory macrophages (M2b and M2c) produce high levels of IL-10 to suppress immune responses. Wound-healing macrophages (M2a) have a role in angiogenesis 247 and tissue repair (secreting TGFβ1 and PDGF6 that stimulate fibroblasts and epithelial cells 253). Of note, M2/wound healing macrophages have been implicated in TGFβ-controlled fibrotic lung disease 254, 255 and muscular dystrophy 256. This is thought to be due in part to macrophage-derived expression of pro-fibrotic chemokines that drive fibrosis.   
Figure 1.9 – Current models of the phenotypic plasticity of macrophages 
 
Adapted from Mantovani et al, Eur J Immunol 2007;37:14-6. 
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Figure 1.9: Phenotypic plasticity of macrophages  
 
A: Linear model of M1/M2 polarisation, popularised by Mantovani.  
B: Colour wheel  model of macrophage activation, proposed by Mosser and Edwards.  





Tumour Associated Macrophages 
 It is increasingly accepted that tumours arise in the context of tissue inflammation. Malignancies that develop within chronic wounds (Marjolin’s ulcers)257 and in patients with chronic inflammatory bowel disease 258 are well recognised clinical examples of this. Infective causes of chronic inflammation are known to increase cancer risk 259. For example, patients with chronic H pylori infection exhibit a 75% increased risk for gastric cancer 260. Experimental inoculation of mice with H. 
influenzae induces a chronic obstructive airways disease model which, in Kras-activated subjects, results in inflammation-driven development of lung adenocarcinoma 261. Additional in vivo studies in murine models of chronic organ inflammation support a causal relationship between NF-κB signalling and carcinogenesis  262, 263.  Tumour associated macrophages (TAMs) appear to demonstrate multiple, context-dependent phenotyes and roles. M1 macrophages are associated with the early stages of cancer initiation and promotion 264. Although in vitro evidence suggests that M1 macrophages are able to clear cancer cells in preference to normal tissue cells 265-267, this is countered by evidence that these macrophages release inflammatory mediators (such as reactive species) that are implicated in DNA cell damage 268 and carcinogenesis 269. Direct experimental evidence of this in mice includes macrophage and myeloid cell specific knockout of STAT3, a transcription factor that suppresses macrophage inflammatory responses due to its role as the major target of immunosuppressive cytokine IL-10. This results in upregulated expression of tumour necrosis factor α (TNFα) and IL-6 by macrophages, chronic colitis and colonic adenocarcinomas270.   Interestingly, the often recognised but incompletely understood phenomenon of male preponderance of certain human malignancies may have, at least in part, a macrophage-related inflammatory cytokine driven mechanism. In an experimental model of hepatocellular carcinoma (HCC) by administration of diethylnitrosamine (DEN), the liver resident macrophages of male mice expressed higher levels of the 
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inflammatory cytokine IL-6 and a higher incidence of HCC. This sex difference in HCC incidence was abrogated by ablation of IL-6; furthermore IL-6 expression and inflammatory macrophage function was reduced in male mice by oestrogen administration 271.  Established tumours may be considered to be a particular example of a chronic non-healing wound or inflammatory scar 144. As tumours progress beyond the initial establishment phase, the macrophage population becomes more polarised to the M2 phenotype 272 with, amongst other changes, reduced iNOS and TNFα expression as a result of inhibited NF-κB signalling 273. The mechanisms that induce this phenotypic switch are multifactorial but include features of the tumour mass itself (such as hypoxia 274 and cell death 275) and also bi-directional cell signalling (e.g. hyaluronin elements 276) within the malignant lesions 236. This modification in the profile of tumour associated macrophages towards an M2 phenotype is a response intended to dampen the immune response, promote tissue healing (including angiogenesis) and re-establish tissue homeostasis. However, in the context of cancer, this is a maladaptive response that instead results in tumour promotion. The M2 phenotype of TAMs allows a permissive environment, as the macrophages attempt to “heal” the malignant lesion rather than destroy it. In this environment cancer cells may evade the immune system and subvert the microenvironment to enhance cancer growth, survival, protection from apoptosis, and promote tumour angiogenesis.   Tumour associated macrophages are major players in the complex process of angiogenesis, critical to tumour progression. The angiogenic switch, a sudden upregulation of pro-angiogenic pathways, such as VEGF-A, occurs during establishment of solid organ lesions and is characterised by large-scale maturation of the tumour vascular network. The importance of macrophages in tumour angiogenesis has been identified in mice lacking the M-CSF-1 gene, in which angiogensis in breast tumours is reduced but then restored with re-expression of M-CSF-1 in mammary epithelium. Furthermore, overexpression of M-CSF-1 in wild type (wt) mice drives upregulated macrophage accumulation in breast lesions and an accelerated angiogenic switch 264, 277. Liposomal clodronate depletion of 
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macrophages in tumour transplant models has been found to result in similar findings of reduced tumour progression 278. Macrophage-derived VEGF-A has been suggested as the angiogenic signalling molecule that promotes tumourigenesis 279 but the picture appears more complicated than simply direct tumour proliferation as a result of VEGF-A induction of angiogenesis. Although experimental deletion of inflammatory-cell-derived VEGF-A in murine transgenic breast and isograft tumour models attenuated the formation of typical high-density vessel networks, this resulted in accelerated tumour progression, with less overall tumour cell death and decreased tumour hypoxia. However, the loss of macrophage-derived VEGF-A increased the susceptibility of tumours to chemotherapeutic cytotoxicity 280.  In addition to angiogenesis, tumour associated macrophages play key roles in promoting tumour invasion and metastasis 281. A well-characterised mechanism through which this is achieved is via tumour cell-derived expression of CSF-1 that attracts macrophages 282, 283 which then express epidermal growth factor (EGF) that activates cancer cell migratory and invasive behaviour 284, 285. This CSF-1/EGF paracrine signalling loop is necessary for invasion even if promoted by other signalling molecules 286.   Tumour associated macrophages also play a role in tissue remodelling of the ECM, which itself contributes to cancer cell invasion and metastasis since cell migration must occur through the matrix. Macrophages achieve this by direct deposition of ECM components (collagens) and breakdown of these same components via their release of MMPs 287, serine proteases and cathepsins 236, 288. Separately, macrophage-derived MMP-9 results in release of matrix-bound VEGF-A, promoting tumour angiogenesis 170. Furthermore, macrophage-derived SPARC (secreted protein, acidic rich in cysteine), involved in deposition of collagen IV and adhesion to other ECM components (such as fibronectin), is required for spontaneous metastasis 289. Metastasis is an inefficient process from the primary tumour, with most released cells failing to survive in metastatic sites 264. However, recent studies have identified CD11b+ VEGFR1+ myeloid haematopoietic progenitor cells (similar to macrophages in terms of lineage) as playing an important role in establishing a 
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metastatic pre-malignant niche into which malignant cells may be seeded 290, 291. These cells may prepare the metastatic site by releasing factors such as MMP-9 292 (that mobilises local extracellular stores of VEGF-A) and by providing a local population of monocytes that then differentiate into macrophages to support the establishment of metastatic cells264, 293.    Macrophages in solid tumours display profound immunoregulatory roles. Direct immunsuppressive mechanisms include IL-10 signalling that activates B7-H1/PD-L1 294 or B7-H4 295 suppression of CD8+ T cell cytotoxicity of cancer cells. Indirect, or mediated, examples include TAM expression of the chemokine CCL22 that has been found to control mobilisation of regulatory T cells (Treg) to human ovarian tumours. Tregs subsequently reduce cytotoxic T cell activity, and correlate with poor survival outcomes 296. Reduced direct cytotoxity of cancer cells by macrophages and minimised recruitment of natural killer cells as a result of reduced or absent macrophage-derived IL-12 expression is also well recognised. It remains unclear whether this is due to upregulated NF-κB signalling as reported by some groups 297 or whether defective responses to NF-κB signalling and enhanced interferon regulatory factor-3 (IRF-3)/STAT1 signalling in macrophages are responsible, as identified by Biswas et al 298 following transcriptional profiling of tumour associated macrophages.   In established tumours, hetereogeneous populations of both M1 and M2 type macrophages have been isolated from the same tumours depending on the anatomical location within the lesions. For example, in a breast cancer model, macrophages in normoxic regions were found to express markers consistent with an M1 phenotype whereas in hypoxic regions of the tumour, macrophage polarisation was skewed to an M2 phenotype with upregulated pro-angiogenic functions such as expression of VEGF-A 299, 300. This heterogeneity appears to be primarily controlled by hypoxia-inducible factor (HIF)-1α 274 and, particularly, HIF-2α 301, 302, which are expressed by macrophages in hypoxic conditions and also control their phenotype. (This hypoxia-induced phenotypic control has utility in non-malignant inflammatory pathological environments such as atherosclerosis where tissue healing is beneficial. Of note, 
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HIFs are additionally induced by inflammatory conditions in normoxic environments but the mechanism of this is incompletely understood 302.) The hypoxia-induced upregulation of M2 phenotype in tumour associated macrophages sends a cautionary note regarding anti-angiogenic therapies as they may result in increased invasive behaviour and metastasis 280, 303.    
Therapeutic targeting of the stroma in solid tumours and CCA  Hanahan and Weinberg have postulated six “hallmark characteristics” of cancer: sustained proliferative signalling, evasion of growth suppressors, replicative immortality, resistance to cell death, induction of angiogenesis, and activation of invasion and metastasis 304. Each of these is regulated by partially redundant signaling pathways, resulting in functional resistance to tumour therapies targeted against only one pathway or hallmark characteristic of cancer. It is arguable that selective, simultaneous targetting of multiple hallmark characteristics will result in more effective and durable therapies for human cancer 305. The tumour stroma is considerably more genetically stable than malignant epithelial cells and, as such, represents an appealing co-target for anti-cancer therapy. An understanding of the role of the inflammatory stroma in the cancer microenvironment in intrahepatic CCA is critical to the eventual development of therapies. Notably, survival outcomes have been found to be worse in patients with intrahepatic CCA lesions in which there were higher contributions of cancer associated fibroblasts (αSMA) 306 and M2-like macrophages (CD163+) 307. By modulating the chronic inflammatory microenvironment around CCA cells it may potentially be possible to reduce cancer cell proliferation, cell survival and invasion, and increase responsiveness to chemotherapy and radiotherapy.   Devising therapeutic strategies against CAF elements of the stroma requires identification of pathways that are cancer specific rather than expressed in the physiological context of “normal” fibroblast function elsewhere in the body. Examples of over-expressed pathways in tumour stroma that are involved in tumour 
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promotion and may represent therapeutic targets include inhibitors of HGF and Met, ERBB2 inhibitors, CXCR4 antagonists, Hh pathway inhibitors 308, PDGFR inhibitors, MMP-7 inhibitors, Galectin-1 inhibitors, therapeutic mono-clonal antibodies directed against tenascin-C and periostin, selected integrin inhibitors, mucin 1 (MUC1) inhibitors, sphingosine kinase-1 inhibitors, antisense aspartate-β-hydroxylase, and antiseprase vaccines 309. Other potential agents, based on observed interactions between CAFs and CCA cells, include inhibitors of histone H1 and STAT3 kinase activity (reviewed in 204.) Specific depletors of CAFs, such as targeting FAP+ cells has experimental success and may be translateable into a clinical context 310.  Therapeutic strategies currently undergoing development that are directed at TAMs may be categorised into four themes: blocking macrophage effector function, limiting macrophage recruitment, and reprogramming, or preventing M2-like polarization of macrophages 236. Epidermal growth factor and VEGF pathway inhibitors 311, 312 are designed to target general tumour pathways, but by inference, manipulate the activity of TAMs. Inhibition of macrophage recruitment to tumours in animal models also augments chemotherapeutic strategies against the tumours 313. An important study that employed administration of CD40 agonists has been shown to regulate the immune reaction and modify the tumour stroma associated with pancreatic cancer in mice and humans by re-education of TAMs 314. It is likely that future cancer therapeutic strategies will be multimodal, targeting specific cellular and non-cellular elements of the tumour stroma as well as cancer cells themselves, both in the form of daughter cells and cancer stem cells. It may well be that personalised therapy, along the lines of that employed against colorectal liver metastases, will become widespread for multiple cancer types and CCA in particular as the evidence base evolves.    
 75 
Bone marrow derived stromal components and tumour biology   In health, a steady-state slow turnover of parenchymal and stromal cells occurs. In chronically inflamed organs, bone marrow (BM) derived myofibroblasts functionally contribute to tissue scars 226, 315 and BM-derived macrophages assist in co-ordinating this process 316. Furthermore, there is evidence that BM-derived elements display migratory capacity towards tumours 317, 318. Once in the tumours, the cells contribute functionally to the inflammatory stroma of tumours 228, 319.    The proportion of BM-derived contribution to CAFs varies across a range of solid-organ malignancies, contributing 25% of stromal populations in a murine model of pancreatic cancer 228 and up to 30% in xenogeneic tumour engraftment models 320. Functionally, these cells appear to promote cancer growth 207, 318, 321, 322 with few studies suggesting the converse 323, including proposals that myeloid rather than mesenchymal-derived stromal cells promote tumour growth 324. Diverse mechanistic pathways have been uncovered including dysregulated TGFβ signalling 325 and stromal modification of tumour neovascularisation 326. Quante et al 327 have identified that, following generation of 30% BM chimeras, 20% of αSMA myofibroblasts were BM-derived in the stroma of H. felis inflammation-induced gastric cancers (that develop over 12-14 months), that the stromal cells appeared to promote tumour cell growth and that the migratory chemotactic axis from the BM may be mediated by CXCR4/SDF-1 tropism. Conversely, Kidd et al 328 studied BM transplant models with subcutaneously engrafted syngeneic ovarian and breast tumour cell lines and suggested there was a subdivision of non-neoplastic cells recruited to the tumour microenvironment. They proposed that BM mesenchyme was recruited into tumours as FSP+/FAP+ CAFs, whereas the vascular stroma (pericytes and fibrovascular structures) defined by αSMA+/NG2+ CAFs, as well as endothelial cells, were recruited from neighbouring adipose tissue.   Experimental studies have also determined that BM-derived cells contribute 10-35% of the endothelial elements of tumour associated vasculature in animal models 329, 330 and 5% of tumour vasculature in human specimens 331. The propotional contribution 
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of BM-derived sources to TAM populations is less well characterised with the majority of reports not quantifying BM-derived contribution to lesions. Experimentally, in 16-week-old mice, 38% of TAMs were BM–derived macrophages in a murine model of retinoblastoma 332.   Controversially, it has also been suggested that BM-derived stem cells can transdifferentiate and contribute to the malignant cell component of tumours, possibly by repopulating depleted stem cell niches. In a murine model of gastric cancer (H. felis chronic infection), Houghton et al 333 demonstrated that BM-derived MSC could repopulate gastric epithelial stem cell niches and subsequently give rise to gastric cancer with almost 100% of malignant cells appearing to be BM-derived. Her group also demonstrated the ability of aged BM-derived MSCs to give rise to fibrosarcomas 334. Whether this represents a general principle is as yet unclear. Some groups have made similar findings 335 but others have been unable to replicate the principle of the study in alternative models 336.   In human studies, Avital et al identified four male patients who developed solid organ cancers (lung adenocarcinoma, laryngeal squamous cell carcinoma, glioblastoma, and Kaposi sarcoma) after myeloablation, total body irradiation, and allogeneic BM transplantation from female donors 337. Relying on fluorescent in situ hybridisation for XX chromosomes (and exclusion of Y chromosomes), 95% of CD45+ cells (lymphocytes) were BM-derived. Additionally, a total of 2.5-6% of malignant cells in lesions were comprised of BM-derived cells. Using similar methodology, Janin et al studied 8 patients who developed oropharyngeal squamous cell cancer following therapeutic irradiation and allogeneic BM transplantation 338. Combined immunostaining and FISH analysis for X and Y chromosomes sequences in sex-mismatched grafts and comparison of microsatellite typing of laser-microdissected cells suggested that in four of eight cases, the tumours were derived from BM sources.  Ando et al studied a model of ultraviolet-induced cutaneous squamous cell carcinoma (SCC). Interestingly, they detected a low percentage of BM-derived cells 
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in the lesions of epidermal dysplasia (0.59%), SCC in situ (0.15%), and SCC (0.03%). There was no evidence of clonal BM cell expansion. Most of the BM-derived cells were tumour-infiltrating haematopoietic cells339.  Cogle et al  340 identified a 1-4% BM contribution to the epithelial compartment of human colon tumours (n=2 specimens) and 20% to lung cancer cells (n=1 patient). When tested in the APCmin female mouse model of colon cancer (n=4 animals) with male transplanted BM, only 1:5000 epithelial cells were found to be BM-derived. In a mouse model of lung cancer, up to 1% of haematopoietic stem cell-derived cells contributed to the malignant cell population. The low contribution of BM-derived cells to cancers prompted the team to propose that, instead of being responsible for forming lesions directly, BM-derived cells may be recruited to epithelial environments by inflammatory cues and then transdifferentiate into malignant cells by a process of developmental mimicry. However, a mechanism for this was not described.  Information regarding hepatic malignancies is lacking. A provocative study by Petersen et al 341 was undertaken by carrying out sex-mismatch BM transplants followed by hepatectomy (driving hepatic regeneration) in 2-acetylaminofluorene treated rats (2-AAF blocks hepatic replication). Results suggested that BM-derived cells had the capactity to transdifferentiate into hepatic progenitor cells. To test this, Kubota et al 336 studied the choline-deficient ethionine-supplemented diet rat model of hepatic injury and regeneration. They identified that BM-derived cells may fuse with hepatic progenitor cells in rats but do not appear to contribute to HCC pre-neoplastic lesions. Similarly, Ishikawa et al 342 used a mouse model of HCC (DEN and phenobarbital administration) and did not identify BM contribution to HCC lesions. Hepatocytes that appeared to be BM derived most likely represented cell fusion events between donor BM and recipient hepatocyte rather than transdifferentiaton events. This has been confirmed by murine studies of tissue-damaged, regenerating liver, where hepatic progenitors (oval cells) were not found to be BM-dervied 343, 344.  
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There remains controversy as to the exact contribution and clinical significance of BM-derived cells to malignant lesions. What is clear, however, is that experimental parameters must be carefully controlled to minimise experimental error due to inappropriate or insufficient cell tracking techniques.    
Stem Cells and the Liver  During development, hepatocytes and intrahepatic bile ducts are derived from bipotential hepatoblastic progenitor cells within the developing hepatic parenchyma (cranial component of the hepatic diverticulum, or pas hepatica). Extrahepatic bile ducts are derived from growth of the pars hepatica whereas the common bile duct, cystic duct and gallbladder are derived from the caudal bud of the hepatic diverticulum (pas cystica) 345.  In adult life, the liver has remarkable capacity to regenerate following injury. However, in times of severe replicate stress (massive liver failure) or hepatocyte senescence (chronic liver disease) there is evidence that bipotential progenitor cells (oval cells in rodents) are able to repopulate injured liver and contribute both to hepatic and biliary cell lineages. These cells are found in the Canals of Hering, adjacent to terminal bile ducts 346. Cell fate specification is, in part, directed by the stem cell niche, whereby myofibroblasts promote biliary cell phenotypes via Notch signalling and macrophages promote hepatocytic cell fates via Wnt signalling 347. The component cells in the chronic liver injury regenerative hepatic niche bear a striking similarity to cells comprising the microenvironment of solid organ cancers.   There exists a subset of intrahepatic tumours that appear to demonstrate phenotypic features of both CCA and hepatocellular cancer types and may be derived from bipotential progenitor cells 46, 348-351. The similarity of risk factors for intrahepatic CCA and hepatocellular carcinoma – factors that mediate their effects by inducing hepatic inflammation – lend support to the concept of an intrahepatic progenitor contribution to these two malignancies. Progenitors in the canals of Hering may be 
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activated to differentiate while undergoing oncogenic stimulation in the context of chronic hepatic injury. The extent of biliary or hepatic differentiation may be regarded as reflecting the phenotypic nature of the resulting lesion, such as intrahepatic-CCA, hepatocellular carcinoma or an intermediate phenotype 29.  There remains controversy as to whether BM-derived elements functionally contribute to the oval cell population 341 or merely fuse with oval cells 336. Whether there is a BM-derived contribution to cholangiocarcinoma lesions is unknown.   
Stem Cells and Tumour Biology   It is possible that CCA arises from tumour stem cells derived from the bipotential hepatic progenitor cell niche and may include a sub population of malignant stem cells. In this context, CCA lesions might be treated therapeutically by specific targeting of CSC components of the lesions.   The concept that tumours may arise from stem cells is decades old but has only recently become more widely accepted, primarily as a result of studies into haematological malignancies (reviewed in 352). This was elegantly demonstrated in 1977 by anchorage-independent culture of several cancer types in soft agar 353, 354. Neoplasms, in the same fashion as normal adult tissues, possess a subpopulation of cancer stem cells (CSCs) essential for tumour propagation. Cancer stem cells themselves are not necessarily derived from normal stem cells. According to a consensus definition 355, a CSC is a cell within a tumour that possesses the capacity to self-renew and to generate the heterogeneous lineages of cancer cells that comprise the tumour. Therefore, CSCs may only be defined experimentally by their ability to recapitulate the generation of a continuously growing lesion 356. Proliferation of CSCs is considered to be facilitated by dysregulation of normal stem cell self-renewal pathways, such as Wnt/β-catenin, Notch, and Hedgehog 357. Many organ-restricted adult stem cells and cancer stem cells exhibit few classical stem cell markers 352. However, recent studies have identified cancer stem cells based on 
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markers including CD133+ (pancreas 358, colon 359, CNS 360), CD44+ and the epithelial cell adhesion molecule EpCAM ( breast 361, colon 362, pancreas 363) .   Using haematopoietic stem cell analysis techniques, Goodell et al. identified a small, homogeneous population of cells, termed the side population (or SP cells). These cells possess the ability to efflux Hoechst 33342 dye via ATP-binding cassette (ABC) transporters 364 which have been shown to remove chemotherapeutic agents from CSCs and thus participate in multi-drug resistance and improved cancer cell survival 365. Side population cells exhibit stem-like characteristics 366 and have been found in normal tissues, as well as primary tumours 365 and cell lines established from tumours as diverse as hepatocellular carcinoma 367, lung cancer 368, nasopharyngeal carcinoma 369, glioblastoma 370, neuroblastoma and breast cancer 365.   Current failures of oncological therapies are not primarily due to lack of tumour responsiveness to treatment (although this does occur in cases) but rather due to relapse and tumour progression once treatment has been discontinued. Cancer stem cells may play a role in both treatment resistance and relapse. Clinical studies have identified a correlation between high numbers of CSCs and relapse rates. ATP binding cassette efflux-pump expressing cells correlate with poor outcomes in melanoma 371. A high frequency of stem cells in acute myeloid leukaemia at diagnosis predicts high minimal residual disease after therapy and poor prognosis 372, 373. Furthermore, CD44+ CSCs inversely correlate with breast cancer survival and their proportional contribution to tumour burden following chemotherapy increases374, consistent with CSC resistance to conventional therapies. Tumour initiating cells have been shown to be resistant to conventional therapies and it may be that the multi-drug effluxing capacity of SP cells that are in part responsible for this. Other plausible explanations for CSC resistance to chemotherapy include the cells’ slow cycling or quiescent phenotypes, high levels of anti-apoptotic molecules, relative resistance to oxidative or DNA damage, and their efficiency of DNA repair (reviewed in 373).  
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Specific therapeutic targeting of CSC may yield translational promise in clinical outcomes. For example, targeting of ABCB5+ myeloma cells in orthotopic transplantation models (with monoclonal antibody therapy) inhibits tumour growth experimentally 371. Further examples include targeting of CSCs in other malignancies that express markers such as CD90+CD44+ (anti-CD44 antibodies in hepatocellular carcinoma)375, CD133+ (L1CAM siRNA in glioma)376 and CD47 (anti-CD47 antibodies in bladder cancer377).  Therapeutic targeting of dysregulated developmental pathways also appears to have functional relevance. Examples of inhibition across a variety of cancer types 373 of the Wnt 378, 379, Hedgehog 380 and Notch 381 pathways with small molecule inhibitors and monoclonal antibodies support the development of multimodal therapies where combinations of  pathway inhibitors are employed in clinical treatments.    
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3. The Notch Signalling Pathway 
 The Notch signalling pathway is an evolutionarily conserved local cell signalling mechanism that plays a fundamental role in regulation of both the embryogenesis and adult tissue homeostasis of metazoans (multicellular mitochondrial eukaryotes)382. The pathway, which mediates direct cell-cell signalling interactions, was first discovered in Drosophila melanogaster flies 383 and has direct homologues in mammals. Notch components play pleiotropic roles in the development and maintenance of structures as diverse as muscle, intestine, pancreas, liver, haematopoietic and nervous systems by both maintaining repopulating stem cell populations and also by involvement in terminal cell fate decisions 384.   
Canonical Notch Signalling 
 The highly conserved Notch system in mammals comprises of four heterodimeric Notch receptors (Notch1-4) and five canonical (or classical) ligands (Jagged1,2 and Delta-like 1,3,4). The ligands belong to the DSL (Delta/Serrate/LAG-2) family of proteins. The receptors and ligands are transmembrane proteins that enable the Notch pathway to transduce signals between immediately neighbouring cells. Of note, recent evidence suggests that in some circumstances, Jagged1 ligand may be secreted and then activate Notch signalling without direct cell-cell contact 385. Similarly, Delta ligand appears to be released in soluble form and signals to distant cells during neural development 386. Although deceptively simple, the Notch pathway is subject to multiple levels of regulation, including post-translational modification such as glycosylation and phosphorylation387, proteolytic processing, endocytosis and membrane  trafficking, as well as interaction with other pathways such as Wnt signalling 388.      Following protein translation in the endoplasmic reticulum, the Notch receptor undergoes cleavage (at the S1 cleavage site) by a furin-like protease, resulting in a 
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mature heterodimer that is non-covalently held together by calcium ions that cause autoinhibition of the receptor 389. The receptor complex is then transported to the cell membrane. At this point, ubiquitination by Neuralised or Mindbomb E3 ligases enables the receptors to avoid receptor degradation and also efficiently endocytose upon ligand-receptor activation, enabling downstream signalling 390. Of note, Numb, an antagonist of Notch,  inhibits Notch by driving endocytic internalisation of Notch receptors 391.   Ligand engagement induces a conformational change in the Notch receptor that exposes the binding site for S2 cleavage by membrane-bound tumour necrosis factor-
α converting enzyme (TACE), which is a member of the A Disintegrin and Metalloprotease enzyme family, and is also known as ADAM10/17 392. This is followed by a second cleavage (S3 cleavage) by the γ-secretase complex, that comprises presenilin (the active subunit), nicastrin, anterior-pharynx-defective-1, and presenilin-enhancer-2) 393. This releases the intracellular part of the Notch receptor (Notch intracellular domain [NICD]) from the cell membrane, allowing it to translocate into the nucleus.   In the nucleus, in the absence of Notch activation, the DNA binding protein RBPJκ (recombination signal binding protein for immunoglobulin J-kappa region, known as CSL in invertebrates), acts as a repressor of Notch target gene transcription 390. RBPJκ associates with co-repressors (including NcorR and SMRT) 394 and binds to consensus sequences of promoter sites of Notch target genes, preventing transcription.  As a result of Notch receptor activation, NICD enters the nucleus, dissociates the repressor complex and instead assembles a transcriptional activation complex with RBPJκ, the co-activator mastermindlike (MAML) and other co-activators (CoA). The assembly of this transcriptional activation complex on the promoter regions of Notch target genes leads to upregulation of Notch target gene expression 384.  
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Multiple Notch target genes have been described, and many unidentified Notch targets are likely to exist 395. These include cyclin D1, NF-κB, p21, Myc, Insulin-like growth factor-1 (IGF1), survivin and SLUG 389. The best-defined Notch transcriptional targets are the Hairy and enhancer of split (HES) 396 and hairy/enhancer-of-split related with YRPW motif (HEY) 397 families of transcriptional regulators. These act as direct repressors of transcription by binding directly to DNA 398. In humans, the genes repressed by HES and HEY are responsible for lineage commitment decisions. Consequently, in the majority of cell lineages described to date, Notch signaling maintains an undifferentiated state 399, although there are exceptions in which Notch promotes differentiation, such as in keratinocytes 400 and dendritic cells 401 (reviewed and described in 389).  
Figure 1.10 – The canonical and non-canonical Notch signalling pathway 
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A: Canonical Notch signalling pathway.  
B: Non-canonical Notch signalling pathway. Non-canonical signalling is incompletely  
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Non-canonical Notch signalling 
 There is increasing evidence that, in addition to canonical (classical) DSL-family ligand signalling, the Notch pathway appears to be subject to non-canonical signalling. This has been predominantly investigated in the context of embryogenesis and patterning, specifically in D melanogaster model systems.  The various types of currently recognised non-canonical Notch signalling mechanisms may be broadly categorised as follows:  DSL-independent activation of Notch signalling, pathway interactions with non-DSL ligands, RBPJκ-independent transcription events, signal transduction without receptor cleavage, differential post-translational modifications, competition/protection for signalling co-factors, or crosstalk with other signalling pathways (Wnt, BMP etc) 402.  Non-canonical signalling events require neither the classical DSL ligands nor the RBPJκ nuclear mediator 402. Examples of non-canonical ligands active in vertebrates include membrane-bound molecules that share structural homology to the delta ligand (but lack the DSL domain) such as delta-like1, DNER (Delta/Notch-like EGF-related receptor) and Jedi (Jagged and Delta protein). Membrane-bound molecules that are structurally distinct include cell adhesion molecules F3/contactin1 and NB3/contactin6. Secreted proteins such as CCL3, MAPG-1 and MAPG-2 have also been demonstrated to act as non-canonical ligands (reviewed in 388).   There is evidence that non-canonical signalling occurs with regard to downstream intracellular signalling cascades, where Notch signalling appears to exert effects independently from the RBP-Jk (CSL) transcription factor cascade. Examples include Notch1 signalling through phosphoinositide 3-kinase (PI3K) to inhibit apoptosis 403. Furthermore, signalling that is independent of Notch receptor cleavage itself has been demonstrated in a number of systems, including the inhibitory control of muscle differentiation 404, 405    Examples of non-canonical Notch pathway interactions with other signalling cascades include NFκB. The NICD shares structural features to IκB molecules. 
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Indeed, the CSL component of the Notch pathway is similar to Rel proteins in NFκB pathway 402. When overexpressed, NICD can bind NF-κB (with downstream effects) through a poorly conserved region partially overlapping the RBP-Jkappa-associated module (RAM) domain 406. Functional interactions have been indentified between the two pathways in cancer biology 405, 407-409.   The significance of non-canonical Notch pathway signalling remains unclear but it may explain in part the extraordinary breadth and diversity of biological influence that Notch signalling demonstrates throughout development and adult life, in both health and disease.    
The Role of Notch in Liver Development and Homeostasis  
 In the developing liver, Notch regulates ductal plate formation and intrahepatic bile duct morphogenesis (reviewed in 410). Notch signalling is crucial for normal biliary system development, as clinically demonstrated by Alagille syndrome, an autosomal dominant mutation in the Notch ligand, Jagged1. The disorder is characterised by a failure of intrahepatic biliary duct formation and mild multisystem defects that include skeletal, cardiac, ocular and craniofacial abnormalities 411. A subset of patients also have disorders which, whilst displaying similar phenotypes, are due to defects of Notch2 receptor 412.  Evidence from animal studies supports the role of Notch signalling in biliary development. Mice with deleted Hes1 (a major downstream transcription target for canonical Notch signalling) fail to develop intrahepatic bile ducts. Additionally, Jagged1 experimentally drives WB-F344 cells (a rodent hepatic bipotential progenitor or “oval” cell line) to upregulate the Notch pathway and express Cytokeratin 19 (CK19) as a marker of cholangiocyte phenotype 413. Conversely, small interfering ribonucleic acid (siRNA) against Notch2 and γ-secretase inhibitors drives hepatoblasts towards a hepatocyte phenotype 414. Furthermore, in vitro culture of adult rodent hepatocytes and hepatocytes from adult Ws/Ws mice (deficient in 
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oval cells) results in hepatocyte “transdifferentiation” into cholangiocyte-like cells (CK19+) and tubular structures associated with upregulated Jagged1, Jagged2, Notch1, and several Notch target genes 415.    Postnatal tissue development and adult tissue maturation throughout the body are also regulated by Notch signalling (reviewed in 416 417). In the quiescent liver, Notch receptors are expressed exclusively on bile ducts and signalling components are transiently upregulated during oval cell regeneration of the liver following AAF and partial hepatectomy injury 418.  Additionally, in models of surgically induced liver injury and oval cell expansion, Notch signalling has also been shown to be altered, with heterogeneous up-and down-regulation of Notch receptors and ligands over time 419. Finally, there is evidence that Notch signalling is implicated in biliary inflammation and CCA (see below). Certainly, in the adult liver following chronic injury, myofibroblast-derived Notch ligand directs biliary specification of hepatic progenitor cells within the regenerative niche 347.  
 
 
The Role of Notch Signalling in Tumour Biology  The Notch pathway has been shown to play dynamic roles in tumour biology, demonstrating both oncogenic and tumour suppressor roles depending on the tumour types and the components of the Notch signalling pathway involved.   In the haematopoietic system, Notch plays a role in maintaining the undifferentiated state in the adult. The majority of studies of Notch pathway mutations in cancer have been undertaken in haematological malignancies. Although activating mutations of Notch1 have been found in more than 50% of human T-cell acute lymphoblastic leukaemias (T-ALL) 420, there is minimal evidence for genetic alterations of Notch genes in solid tumours 421 where upregulation of Notch signalling is commonly observed 422, 423.   
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The role of the pathway in tumourigenesis is dependent on both tissue type and receptor identity. For example, Notch acts as an oncogene in tissues where it is involved in homeostatic stem cell self-renewal or in cell fate decisions (e.g. breast cancer, gastrointestinal tumours). Notch1 424 (with a coincident loss of Numb inhibition of Notch in 50% cases 422) and Notch4 425 have been implicated in tumour promotion in breast cancer. Notch1 and Notch3 are upregulated in and promote human lung cancer 426-428. In animal models, Notch2 but not Notch1 is required for development of pancreatic ductal adenocarcinoma 429. Furthermore, experimental overexpression of Notch3 intracellular domain (but not Notch1 or Notch2) during murine embryogenesis results in invasive intra-ocular (but not intra-cranial) gliomas, reflecting both receptor type and tissue site specificity 430. Experimental inhibition of the pathway with γ-secretase inhibitors attenuates tumour growth 431. In contrast, Notch signalling plays tumour suppressor roles in those tissues in which it promotes terminal differentiation events (e.g. keratinocytes). In Notch1 knockout mice, an increase in skin cancers has been noted 432.  Notch may even play both roles within the same tumour. For example, activated Notch is oncogenic to breast cancer cells yet also tumour suppressive by inhibiting angiogenesis 416 . In human mesothelioma cells, Notch1 and Notch2 play opposing roles in tumour progression 433. Inhibition of Notch signalling may therefore be an effective treatment option for selected tumour types 434.   
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Table 1.3 – The oncogenic (+) and tumour suppressor (-) roles of dysregulated 
Notch pathway signalling in malignancies 416  
 Jagged1 Jagged2 Dll-1 Dl-4 Notch1 Notch2 Notch3 Notch4 
Haematological :         
AML     +      -     -    +    
B-cell ALL        -    -     -     - 
B-cell CLL         +   
Hodgkin lymphoma     +      + -    
Multiple myeloma     +     +     + -     +   
T-cell ALL       +    +   + -    +  
Solid Tumours:         
Brain     +      +    + - +   
Breast        + + -    +     + 
Cervical     +     +     +    + - +   
Colon        + +   
Liver         -    
Lung       + -   -+   
Pancreas     +     +      +    +    +    + 
Prostate     +        -    
Skin      + -    +    +    +   AML - acute myeloid leukaemia; ALL - acute lymphoblastic leukaemia; CLL – chronic lymphoblastic leukaemia  Multiple separate experimental teams have studied Notch in carcinogenesis. Currently, the pathway is thought to promote malignancies by promoting the CSC phenotype 435, 436, by mediating EMT 437and by enhancing chemoresistance 438 and radioresistance 439 (reviewed in 389).  
The role of Notch signalling in the tumour stroma  A specific way in which tumour-associated stromal cells may interact with cholangiocarcinoma cells is via the Notch pathway.  This relationship may be bidirectional. There is as yet no direct evidence in tumour systems that intercellular signalling via Notch is important in stromal:cancer cell relationships, but there is 
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evidence from other systems that supports this hypothesis. It is known that stromal cells control dendritic cell fate and proliferation in bone marrow through Notch pathway signalling 440. Macrophage polarisation appears to be in part mediated by Notch signalling: Notch pathway activation drives cells to an M1 phenotype and downregulation is associated with an M2 phenotype 441. Additionally, M1 activated macrophages express upregulated levels of Notch1 and Jagged1 442 and the ligand delta-like 4 443. Furthermore, Notch3 mediated signalling increases macrophages’ proinflammatory function 443. Non-canonical Notch signalling mechanisms that theoretically may be active in the tumour:stroma relationship include nitric oxide, as NO production is a recognised feature of activated macrophages 444. In ovarian cancer, Notch3 and Jagged-1 are expressed both in cell lines and the epithelial compartment of human tumour samples 445 (suggestive of juxtacrine signalling between neighbouring epithelial cells). Jagged-1 is additionally expressed in peritoneal mesothelial cells that may be in direct contact with disseminated ovarian cancer cells in ascitic fluid. Additionally, IGF-1 is a candidate signal for Notch activation via aspartyl asparagynyl beta hydroxylase (AAH) activation in CCA 446, 447 and IGF-1 is produced by tumour associated myofibroblasts 202, 448.  
 
Notch signalling is implicated in Cholangiocarcinoma   Dysregulated Notch signalling has been identified in CCA. Notch1 appears to be upregulated in CCA, and has a role in conferring resistance to apoptosis; iNOS-mediated processes can upregulate Notch1 signalling 79. Additionally, AAH is highly expressed in cholangiocarcinoma where it translocates from the cytoplasm to the cell membrane and directly upregulates Notch signalling by hydroxylating the extracellular domain of the Notch receptors. This increases CCA invasiveness and cell survival 446, 449, 450.  In CCA, reports have identified receptor elements of the Notch pathway as being over expressed 79. However, the anatomical distribution of pathway components and therapeutic implications are not clear.   
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4. Current in vivo and in vitro models of CCA  
In vitro models of CCA International cell line banks, such as the American Type Culture Center (ATCC), store cell lines derived from the majority of different human cancer types. There are relatively few CCA cell lines that feature in published studies, and even fewer that are deposited in independent cell banks.   
Table 1.4 - Published human cholangiocarcinoma cell lines 
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Table 1.4: Published human cholangiocarcinoma cell lines  Cell lines marked in bold are used in this thesis submission. Cell lines were preferred if they were derived from intrahepatic lesions in patients prior to chemotherapy and were stored in independent cell banks.  




Reference Notes YoMi Unknown Unknown Jarnagin 2006451  KKU-MO55 Intra (poorly differentiated) Thailand Tepsiri 2005452 Contacted KKU-M156 Intra (moderately diff) Thailand Tepsiri 2005 Contacted KKU-M214 Intra (moderately diff) Thailand Tepsiri 2005 Contacted KKU-OCA17 Intra (well diff) Thailand Tepsiri 2005 Contacted KKU-100 Intra (O. viverrini) Thailand Tepsiri 2005 Contacted KKU-M213 Unknown (O. viverrini) Thailand Juntavee 2005453  HBDCM1-ZSH Extra China Tang 2004454  
SNU-245 Extra (distal CBD) South Korea Ku 2002455 KCLB SNU-308 Extra (gallbladder) South Korea Ku 2002 KCLB SNU-478 Extra (ampullary) South Korea Ku 2002 KCLB SNU-869 Extra (ampullary) South Korea Ku 2002 KCLB 
SNU-1079 Intra South Korea Ku 2002 KCLB 
SNU-1196 Extra (hilar) South Korea Ku 2002 KCLB MZ-Cha-3 Unknown Germany Steffen 2001456 ?SK-Cha-1? SCK Intra South Korea Kim 2001457 Contacted JCK Intra (clonorchis) South Korea Kim 2001 Contacted Cho-CK Intra South Korea Kim 2001 Contacted Choi-CK Intra South Korea Kim 2001 Contacted HBDC Extra (hilar) Japan Jiao 2000458  ICBD-1 Extra (ascites) Japan Takiyama 1998459  OCUG-1 Extra (gallbladder) Japan Yamada 1997460  
TFK-1 Extra Japan Saijyo 1995461 DSMZ, Tohoku OCUCh-LM1  Extra (?liver met) Japan Yamada 1995462  GB-CL-1 Extra (gallbladder) Unknown Purdum 1993463  KMC-1 Intra  Japan Iemura 1992464  
CC-SW-1 Intra (implicit in article) USA Shimizu 1992465  
CC-LP-1 Intra (implicit) USA Shimizu 1992  KMBC Extra (CBD) Japan Yano 1992466  Derived 1985 PCI-SG231 Unknown  USA Storto 1990467  Contacted  RPMI 7451 Unknown  Unknown Storto 1990  HuCCT-1 Unknown Japan Miyagiwa 1989468 JCRB  
HUH-28 Intra (implicit) Japan Kusaka 1988469 Tohoku KMCH-1 Intra (combined HCC/CCA) Japan Murakami 1987470  EGI-1 Extra Germany Scherdin 1987471 DSMZ  
MZ-Cha-1  Extra (gallbladder) Germany Knuth 1985472 (aka: WITT) MZ-Cha-2 Extra (gallbladder) Germany Knuth 1985  SK-Cha-1 Extra (ascites)  Germany Knuth 1985  KCLB – Korean National Cell Line Bank (Seoul University) DSMZ – Deutsche Sammlung von Mikroorganismen und Zellkulturen:  German Collection of Micro-organisms and Cell Cultures JCRB – Japanese Collection of Research Bioresources Tohoku – Cancer Cell Repository, Tohoku, Japan 
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b) In vivo models of CCA 
 There are few published studies on animal models of CCA. Historical models characteristically demonstrate long latency and variable incidence of tumour formation. For example in 1983, Flavell 473 induced a 10-20% incidence of cholangiocarcinomas in syrian hamsters following a latency of nine months, by administering a single dose of Opisthorchis viverrini and N-nitrosodimethylamine. This reprises the aetiological association between liver fluke infestation and CCA in South East Asia and, in principle, would represent an ideal in vivo model.  Unfortunately the limited range of biomolecular research tools appropriate for hamster tissue renders this model difficult to experimentally analyse further. Similarly, Elmore (1993) 474 administered 30 mg/kg furan by daily gavage to male Fisher F344 rats for 13 weeks and induced 90% CCAs at 16 months.    
Murine models of intrahepatic CCA:  1. dePinho Group (Harvard) 56:  Farazi (2006) administered carbon tetrachloride (CCl4) intra-peritoneally to p53 deficient mice three times weekly for four months and then followed up for several months. Only p53+/- and p53-/- mice developed CCAs with P53-/- mice developing significantly more lesions and demonstrating a lower survival than p53+/- mice.  Tumours began to form at approximately 26 weeks in p53-/- mice. This model was deemed unsuitable for our studies due to the greater sensitivity of p53 deficient mice to adoptive bone marrow transfer (requiring lethal irradiation and immediate syngeneic transplantation). Furthermore, the available p53 deficient mice (from Dr Jorge Caamano, Birmingham, UK) were derived on a mixed background and hence unsuitable for syngeneic bone marrow transplantation.   2. Deng Group (NIH) 475 Xu (2006) generated liver-specific disruption of Smad4 and Pten in mice by crossing mice carrying a Smad4 conditional allele and a Pten conditional allele with 
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transgenic mice carrying a Cre recombinase gene under an albumin promoter. Spontaneous development of multiple tumours occurred from two months with reportedly realistic desmoplastic stroma, and all animals developed tumours by seven months. Additionally, a number of murine cholangiocarcinoma cell lines were developed by this group. The animals and the cell lines were on mixed backgrounds of four strains of mice, rendering it unrealistic to perform syngeneic bone marrow transplantation or syngeneic subcutaneous tumour cell line inoculation into immunocompetent mice.   3. Clarke Group (Cardiff) 476 Marsh (2008) deleted Pten (Phosphatase and tensin homolog) and APC (Adenomatous Polyposis Coli) genes in mice and identified multiple gastrointestinal tract adenomas and adenocarcinomas by four months. From unpublished data, it also appeared that the animals developed multiple cholangiocarcinomas. Histologically, the tumours more closely represented biliary tract adenomas with minimal stromal contribution.    
Rat models of intrahepatic CCA:  
1. Sirica Group (Richmond, Virginia) 477 Sirica (2008) devised a transplantable model of intrahepatic CCA in male Fisher F344 rats. Two CCA rat cell lines were produced: One (BDEneu) by transfection of the rat oncogene neu into an immortalised but non-malignant rat biliary epithelial cell line and one (BDEsp) by spontaneous transformation of the same biliary cell line in selective culture. These cell lines were inoculated into the common bile duct of recipient male rats. BDEneu demonstrated rapid tumour growth with 50% replacement of the liver parenchyma with tumour by 22 days. BDEsp tumours were smaller and developed over the course of approximately 40 days. Furthermore, the lesions themselves recapitulated a prominent stromal component and glandular structure, similar to in situ intrahepatic CCA. NIH regulations proscribed the export of this model to our group. 
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2. Thioacetamide Model (Various Groups) Thioacetamide (TAA) is a hydrogen sulphide donor used in industrial chemical processes. It previously served as a preservative of oranges in the 1940s. It has been recognised for a considerable time that TAA has the ability to induce CCA in rats478, 479. TAA is currently registered as a Class 2B carcinogen, is a known hepatotoxicant and appears to undergo metabolic activation by mixed-function oxidases, cytochrome P450 2B, 2E1 and flavin monooxygenase. There is evidence that TAA induces toxic effects in the pancreas and kidney. There are no published studies of CCA induction in mice using TAA.    a) Yeh (2004) 480 administered 0.03% TAA in the drinking water of male Sprague Dawley rats and identified a 50% incidence of intrahepatic CCA by 16 weeks rising to 100% by 22 weeks. These tumours appeared histologically similar to human intrahepatic lesions, with invasive features, dense stroma and ductular atypia. A separate paper by the same group using the same schedule identified liver fibrosis in the absence of CCA at the same timepoints 481.  b) Laverman (2007) 482 administered 0.03% TAA drinking water to male Sprague Dawley rats to study the diagnostic utility of (18)F-FDG contrast in PET scanning for CCA detection. He identified subsets of animals with a variable background of cirrhosis demonstrating micro-carcinomas from 10 weeks onwards, increasing in incidence to 100% by 20 weeks.   c) Al-Bader (2000) 483 investigated the dose-response effect of 0.05%, 0.1%, 0.15% TAA drinking water in male Wistar rats. On the lowest dose (0.05%), rats developed CCA by the 13th week and survived to the end of the study period of 14 weeks. Rats on 0.1% TAA developed more marked inflammatory changes, CCA by the 11th week and died by the 14th week. Rats on the highest dose (0.15%) died by the 8th week, presumably of liver failure, before developing CCA.   d) Roskams group (Belgium): Laleman (2006) 484 applied a weight-adjusted variable dosing regime of 0.015% to 0.045% TAA in male Wistar rats to investigate the 
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potential of TAA in liver fibrosis and portal hypertension models. On a background of fibrosis, dysplastic changes in the biliary epithelium were observable from 12 weeks onwards, increasing in severity by 18 weeks but not representing frankly invasive CCA.   e) Alpini group (Texas): Fava (2008) 485 provided 0.03% TAA to obese (fa/fa) and lean male Zucker rats to investigate the role of leptin in the incidence and progression of CCA. Fa-fa Zucker rats have a mutated long form of the leptin receptor, do not respond to leptin signalling, and so consequently become obese. By 24 weeks of TAA administration, 100% of control lean Zucker rats developed CCA. In contrast, the fa/fa Zucker rats developed a significantly lower incidence of CCA formation.   








Thioacetamide Model of Cholangiocarcinoma All animal procedures were carried out in accordance with the procedural and ethical guidelines of the United Kingdom Home Office under the Animals (Scientific Procedures) Act 1986. Animals were housed in specific pathogen free conditions with a 12:12 hr light-dark cycle (light from 08:00 to 20:00) at an ambient temperature of 22 +/- 1 °C, with ad libitum access to chow and water. Adult male (300-330 g for direct administration studies; 330-350 g for transplant studies) and female (190-210 g; 210-230 g) Sprague dawley rats (Harlan, Hillcrest, UK) were commenced on drinking water supplemented with either 300 mg/L (0.03%) 480 or 600 mg/L (0.06%) thioacetamide (TAA) (Sigma, UK). Water was sweetened with sugar-free drinking squash in a 4:1 ratio. Animals were sacrificed at intervals by CO2 inhalation, and tissue samples were taken for histology, protein and nucleotide analysis. Age-matched controls were provided with normal water. Similarly, C57bl6 mice (20-25g) were commenced on 300 mg/L or 600 mg/L TAA for up to 52 weeks.    




Donor Bone Marrow Transplantation (BMT) Sprague Dawley rats (female 210-230 g; male 330-350 g) underwent adoptive transfer of syngeneic bone marrow (BM). The enhanced green fluorescent protein (EGFP) transgenic Sprague Dawley rats were a kind gift of Prof Okabe (Genome Information Research Center, Osaka University, Osaka, Japan). These were rederived in our unit from embryo form. The expression of EGFP was under the control of the cytomegalovirus enhancer and the chicken β-actin promoter 486, 487.  Bone marrow transplantation (BMT) was performed with male or female EGFP-expressing BM into male wild type (wt) recipients, male EGFP-BM into female wt recipients, and male wt BM into female wt recipients. Rats received whole body γ-irradiation (10.5 Gy in a divided dose 4 hours apart). Under general anaesthesia, irradiated rats immediately received intravenous tail vein injections of 2x107 donor BM cells in single cell suspension. Antibiotic supplementation of the drinking water was started 7 days prior to irradiation and for 28 days after the procedure (0.01% Enrofloxacin, Bayer, UK). For CCA studies, eight weeks after BMT, rats were commenced on either 300 mg/L TAA or control drinking water. Animals were euthanased and tissue harvested at set time points (n=6 each time point for each chimaeric type).   
Assessment of Stability of Bone Marrow Transplantation (BMT)  Female wt rats underwent BMT with male EGFP-BM to determine stable expression of EGFP following transplantation. Prior to transplantation, whole BM was stained with Vybrant 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate  (DiD) labelling solution (V-22887, Invitrogen UK), a far-red fluorescent, lipophilic carbocyanine dye that stains cell membranes. This was performed by incubating BM at 37 °C for 30 minutes in a single cell suspension of 1x106 cells/mL in PBS with 5 uL/mL DiD solution. BM was then centrifuged at 1250 rpm for 6 minutes, the supernatant was aspirated and the cells resuspended in 10% foetal calf serum Iscove’s modified Dulbecco’s medium (10% FCS IMDM). This step utilises the ability of FCS to bind unbound dye. Cells were washed three times in this fashion to remove unbound dye. Prior to transplantation, a sample of cells was 
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analysed through the flow cytometer to confirm adequate staining. Under general anaesthesia, irradiated rats immediately received intravenous tail vein injections of 2x107 donor BM cells in single cell suspension. Recipients were harvested at 5 minutes, 1 hour, 24 hours, 7 days, 7 weeks, 14 weeks and 32 weeks after BMT (n=3 at each time point.) Bone marrow, spleen and whole blood samples were collected. Blood samples were prepared as single cell suspensions, underwent hypotonic shock in distilled water to remove contaminating erythrocytes and were analysed by flow cytometry to assess EGFP expression and DiD staining. Samples were also snap frozen in liquid nitrogen and stored at -80°C for subsequent quantitative polymerase chain reaction (qPCR).     
Hypotonic Shock Treatment of Whole Blood Prior to FACS Analysis Whole blood samples were centrifuged for 5 minutes at 160 g (rcf). The plasma-containing supernatant was removed by aspiration (as the pellets are loosely adherent to pipette tubes). The pellet was loosened, by flicking the base of the tube, and resuspended in 9 mL of dH20 then mixed by inversion for 12 seconds to lyse erythrocytes. 1 mL of 10x PBS was added and mixed by inversion. The sample was centrifuged for 5 minutes at 160 g. The supernatant was again removed by aspiration and the pellet washed with 10 mL PBS, centrifuged again for 5 minutes at 160 g, the supernatant removed and the pellet resuspended in 100-500 µL PBS. 
 
Liposomal clodronate macrophage depletion Liposomal-encapsulated clodronate was a gift of Roche Diagnostics GmbH, Mannheim, Germany, arranged through Dr Nico van Rooijen (Amsterdam, Netherlands) 488. Liposomal clodronate and control PBS (2-6 µL/g) was administered to Sprague Dawley rats intravenously via the tail vein.   
 
Isolation of Human Peripheral Blood Mononuclear Cells (PBMC) Freshly drawn blood was collected into 50 mL Falcon tubes containing 4 mLsodium citrate per tube, inverted gently two or three times to mix and then sealed. Samples were centrifuged at 350 g for 20 minutes (with Acc1/Dec0). The top layer of platelet-
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rich plasma (PRP) was aspirated into fresh sterile falcons without disturbing the bottom (blood cell) layer. To separate leucocytes from erythrocytes by dextran sedimentation, 6 mL dextran was added to each blood cell layer and filled to the 50 mL mark with pre-warmed saline.  (Dextran dose equivalent to 2.5 mL per 10 mL of blood pellet). Samples were inverted gently two or three times and allowed to rest for 20-30 minutes, until the erythrocytes sedimented. The leukocyte-rich upper layer was aspirated and transferred to a 50 mL Falcon tube and topped up to 50 mL with saline. The samples were centrifuged at Bench 350 g (rcf) for 6 minutes (Acc5/Dec5). The supernatant was poured off from pelleted leucocytes which were gently resuspended in 55% percoll. Percoll gradients were made by gently layering 81% percoll (bottom layer), 68% percoll (middle layer) and 55% percoll containing leucocytes (top layer) in 15 mL Falcon tubes at room temperature. The gradients were centrifuged at 720 g (rcf) for 20 minutes (Acc1/Dec0). After percoll centrifugation, peripheral blood mononuclear cells (PBMC) were harvested from the 55:68 interface (upper band) and granulocytes (neutrophils) from the 68:81 interface (lower band) into separate 50 mL Falcon tubes. The tubes were filled to 50 mL with PBS and centrifuged at 230g(rcf) for 6 minutes (Acc5/Dec5). The supernatant was removed, the cells washed again in PBS and re-centrifuged at 230 g (rcf) for 6 minutes (Acc5/Dec5). Cells were resuspended in 50 mL PBS and counted using a nucleocounter. Mononuclear cells were resuspended at a concentration of 4x106/mL in serum-free IMDM. The neutrophils were resuspended at 10x106/mL in Hanks buffered saline solution (HBSS) and provided to other research groups in the institute interested in this cell type.    
Generation of Autologous Serum During the isolation protocol for human PBMCs, autologous recalcified serum was obtained from the whole blood samples by adding 10 mL of platelet-rich plasma (PRP) to glass tubes containing 200 µL 1M CaCl2 and incubating at 37 °C for one hour. After one hour, the clear serum was aspirated from the tubes, leaving the platelet plug in the tubes, which were discarded. The serum was then stored at -20°C.  
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Enrichment of Macrophages from PBMC - Method 1: Plastic Adherence Peripheral blood mononuclear cells were counted and then plated on tissue culture plastic (24 or 48 well plates) and incubated for 1 hour. Non-adherent cells were aspirated from the wells and wells were washed twice with PBS. Then 0.5 mL of 10% autologous serum in IMDM (“monofeed”) was added to each well. Plates were incubated for 5-7 days to allow differentiation into macrophages.  In a 24-well plate, cells were plated down at a density of 4x105 cells per well. Cells were allowed to adhere in media for 2-3 hours and then washed off twice with HBSS+Ca2+. The Ca2+ is necessary as cell adhesion is Ca2+ dependent. Once washed, 400 µL media was added to wells. The media included polarising cytokines at the same concentrations as detailed below.    
Enrichment of Macrophages from PBMC - Method 2: Negative Selection Peripheral blood mononuclear cells from the 55:68% percoll interface layer were taken after washing in PBS and purified using magnetic-activated cell sorting (MACS) Human Monocyte Isolation Kit 2 (Miltenyi Biotec, Germany) according to the manufacturer’s instructions. This enables isolation of monocytes (CD14+ cells) through magnetic columns by depletion of non-monocytes (negative selection) by indirect magnetic labelling of these cells with microbeads. It is possible to either sort positively for CD14+ cells, negatively for CD14+ by depleting other cell types, or negatively for CD14+ and also positively for CD61+ cells to reduce platelets (but this reduces the yield of CD14+ cells). Negative selection, as chosen here, avoids activation of monocytes. Following isolation, CD14+ cells were resuspended in Roswell Park Memorial Institute (RPMI1640) medium supplemented with 10% FCS at a density of 5-10 x106/mL and placed in Teflon pots to prevent cell adhesion.  
Monocyte Maturation and Polarisation For method 1 (plastic adherence):  Following 7 days maturation of monocytes in autologous monofeed serum and plating on plastic, IFNγ 20 ng/mL was add to the cultured cells for M1 macrophage polarisation, whilst IL-4 20 ng/mL was added to 
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cultured cells for M2 polarisation. After 18-20 hours of incubation, cells were washed twice with PBS and then used experimentally.   For method 2 (negative selection): During 7 days maturation in Teflon pots (that prevent cell adhesion), cells were incubated with either GM-CSF 50 ng/mL (R&D systems) for 7 days for M1 polarisation or M-CSF 50 ng/mL (R&D systems) for M2 polarisation. Media was changed every 2 days during maturation.   
Cholangiocarcinoma (CCA) cell lines and cell culture SNU-1079, SNU-1196 and SNU-245 cell lines 455 were obtained from the National Korean Cell Bank. LP and SW lines 465 were generous gifts to Professor John Iredale from Whiteside of Mayo Clinic, Rochester USA. HUH-28 469, WITT/Mz-Cha-1 472 and TFK-1 461 were kind gifts of Prof G Alpini, Texas A&M Health Science Center, Temple, Texas, USA. LX2 cells were a resource previously obtained by the Iredale laboratory and used in this study. Cells were maintained in a humidified atmosphere at 37°C with 5% CO2 and cultured in Dulbecco’s modified Eagle medium (DMEM) (E15-009) or IMDM (E15-018) with penicillin (0.1 µ/mL)-streptomycin (0.1 mg/mL) (P11-010) and L-glutamine (2 mM) (M11-004) (all PAA Laboaratories, Yeovil, UK). Culture media was supplemented with heat-inactivated 2.5% - 10% FCS depending on experimental conditions (S1900-500 Biosera, Ringmer, UK). Cells were passaged using 0.25% trypsin with EDTA 1 mmol/L or TrypLE Express at 37 °C (Gibco, UK) no more than 20 times.  
Generation of Conditioned Media Cells were grown in T75 flasks to 80% subconfluence, rinsed twice with PBS and then cultured for a further 36 hours in 0.5% or 0% FCS phenol red-free IMDM. The culture media was then aspirated, centrifuged (500g for 5 minutes) to remove debris, L-glutamine (2 mmol/L) was re-added, filter-sterilised (0.22 µM) and stored at -80°C for experimental use. Experimental target cells were cultured for 24 hours in 96 well plates in 10% FCS media, which was aspirated and cells were washed twice with PBS then serum starved in 0% FCS media for 6 hours before addition of the conditioned media or appropriate control for 24 or 48 hours. 
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Co-culture of Cells When using method 1 (cell adhesion), macrophages were plated in wells, matured and then stained (as described below) prior to the addition of stained cancer cells. Cancer cells were stained whilst adherent, trypsinised and then added to adherent macrophages. When using method 2 (negative selection), adherent cancer cells were stained, trypsinised and plated in wells at set densities. Macrophages were stained in Teflon pots and then added to adherent cancer cells at set densities. For example, SNU-1196 was seeded on top of macrophages at a density of 1.5x105 cells per 24 well plate well in polarising media with 500 µL media per well (160 µL SNU-1196 cell suspension with 340 µL polarising media). Cells were allowed to incubate for a further 72 hours and then were fixed and cointerstained with DAPI.   
Staining of Cells for Co-culture Adherent cells of interest were stained with Celltracker dye (Invitrogen). In this case, Celltracker Orange CMTMR (C2927) was used for macrophages and Celltracker Green CMFDA (C2925) was applied to cancer cells. Cultured cells were washed in PBS to remove FCS-containing media and subsequently incubated in FCS-free IMDM culture media with Celltracker dye (20 µL dye in 10 mL media) for 45-60 minutes. The dye was then aspirated and replaced with 10% FCS IMDM for 15 minutes to block non-specific staining. Blocking media was removed and cells were washed twice in PBS and then used for experimental purposes as planned.   
Fixation of Co-cultured Cells  Co-culture wells were fixed in 4% formalin and stored at 4 °C for 48 hours. Specifically, for example, in wells containing 500 µL media, 55 µL of 40% formalin was added to each well to a final concentration of 4% formalin. Fixative solution was then aspirated and cells washed gently with PBS. 1 µg/mL Hoescht-3342 was added to counterstain nuclei (300 µL per well in 24 well plates) and incubated at 4 °C for 15 minutes. Cells were washed again with PBS and 4 drops of DABCO were added 
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to each well. Plates were covered with tinfoil to prevent bleaching and then photographed.   
Staining of transplanted BM cells with DiD 1x106 cells/mL BM cells were made as a single cell suspension in PBS and incubated with 5 µL/mL Vybrant DiD cell-labelling (V-22887, Molecular Probes, UK) solution (the dye is toxic if added neat, so is diluted prior to adding it to cells). The cell suspension was incubated with the dye at 37 °C for 30 minutes. Cells were centrifuged at 1250 rpm for 6 minutes, the supernatant was aspirated and cells were resuspended in 10 mL 10% FCS IMDM. The cells were washed in this manner a total of three times to remove unbound dye. Prior to injection, a sample of cells was assayed by flow cytometry to confirm staining. The stained cells were allowed at least 10 minutes recovery time before injecting into animals.    
Side Population (SP) Analysis  Cultured CCA cells or bone marrow cells were resuspended, incubated at a density of 1x106/mL at 37 °C in pre-warmed phenol red-free DMEM+ containing 2% FCS and 10 mM HEPES buffer. Hoechst 33342 dye was added to a final concentration of 5 µg/mL in the absence or presence of 50 µM verapamil. Verapamil blocks ABC cell membrane transporters and so act as controls for Hoechst 33342 dye efflux. Cells were incubated at 37 ºC for 90 minutes and mixed every 30 minutes. The cell suspensions were centrifuged at 4 ºC and resuspended in ice-cold phenol red-free HBSS+ containing 2% FCS and 10 mM HEPES buffer. Cells were filtered through a 40 µm cell screen to remove clumps and placed on ice. Propidium iodide was added at 2 µg/mL for the discrimination of non-viable cells prior to fluorescence-activated cell sorting (FACS). Analyses and sorting were done using FACS Vantage SE using Diva software (Becton-Dickinson). Hoechst 33342 was excited with a UV laser at 350 nm and its fluorescence was measured using optical filters (Hoechst blue, 405 nm; Hoechst red, 570 nm).   
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Clone Formation Freshly sorted SP and Non-SP cells were counted and plated in triplicates at different densities (100, 500 and 1000 cells per well) on 6-well plates in 3 mL 10% DMEM. Media was changed every 72 hours and plates were observed for cell growth over a two-month period.     
qPCR for Genomic Rat Y-Chromosome Taqman qPCR probe was designed for a conserved sequence across the six copies of the genomic DNA of the rat y-chromosome - SRY1 (GenBank:AY157669), SRY2 (AY157670), SRY3 (AY157672), SRY3B (AY157996), SRY3B1 (AY157997) and SRY3C (AY157671) 489.   SRY is a single exon gene with untranslated regions at 5 and 3 prime ends. SRY for rattus norvegicus (SRY1 - AY 157669) was identified using the NCBI database. The genomic and mRNA data were then sequence aligned using Ensembl (ebi.ac.uk). The sequence segment that aligned to all six copies of SRY was preferred. The single exon identified by the mRNA sequence was entered into Primer Express 3 (Applied Biosystems Inc.) and primers and probe were designed. The best set was chosen, with penalty factor 54. The designed primers were then searched for using the Basic Local Alignment Search Tool (BLAST) against the NCBI database (Nucleotide setting - refseq_rna database) and self-adjusted for short sequences (by inserting both primers into the database search box with a space between the two sequences.) Rattus norvegicus SRY was positively identified with highest sequence homology (“at the top of the list”) (reference: NM_012772.1); lower order SRY included drosophila etc. The reference generated was an mRNA sequence but, as SRY is a single exon gene, the sequence was equivalent to genomic DNA.  The TaqMan primer sequences were as follows –  Forward: TACGGACAGGACTGGGCTAGAG Reverse: TGTTTCTGCTGTAGTGGGTATCC  Probe: TGCACACCGTCCTCCAGAACCGAA – VIC/BHQ  
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Taqman qPCR uses a fluorogenic probe to detect specific DNA sequences as they are generated by the qPCR reaction. The probe comprises a fluorescent reporter dye at the 5’ end together with a quencher at the 3’ end. Binding of the probe to the target strand results in cleavage of the probe by polymerase in the reaction mix that separates the reporter from the quencher, generating a measurable fluorescent readout. Multiplex qPCR entails the simultaneous amplification of more than one primer pair in the same reaction mixture. Different reporter dyes are used which are analysed by qPCR detection software that analyses the spectral output and derives the proportional contribution to this from the separate reporter dyes. Competition for common reagents in the reaction tube is prevented by limiting the concentrations of primers used to ensure that reagents are not exhausted by the more abundant species present in the sample 490. In this series, efficiency was determined at greater than 90% and validity of multiplex qPCR was confirmed when run with control qPCR primer-limiting taqman primer/probe for rat GAPDH (ABI) (according to manufacturer’s instructions).  qPCR was performed on BM, spleen and whole blood of female rats transplanted with male EGFP or male wt BM to confirm chimaerism.   
Reconstitution of Haematopoeitic and Mesenchymal compartments  The contribution of donor EGFP-BM to haematopoietic tissues of recipients was determined by flow cytometry and fluorescence activated cell sorting. Data was acquired and analysed on a FACSAria using Diva Software (Becton Dickinson). Forward and side scatter characteristics were used to apply an electronic gate before acquisition of data and sorting to exclude red cells, dead cells and debris. Acquired data was analysed for the contribution of EGFP+ cells to BM, spleen and blood. Lymphocyte and granulocyte sub-populations were identified and gated based on their scatter characteristics, before measuring the percentage of EGFP+ cells in each. EGFP+ cells were gated compared to cells from the same tissue derived from a wild type control.  To characterise EGFP-BM chimaerism of the mesenchymal stem cell compartment, BM from transplant recipients was collected by flushing femurs with PBS following incubation in collagenase 1A (Sigma) (100µl in 10ml 0% FCS RPMI) for 30 minutes 
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at 37°C. Recovered cells were washed and resuspended in Mesencult MSC basal medium (Stem Cell Technologies) supplemented with 10% HyClone FCS (Fisher Scientific), Cells recovered from 1 femur after flushing were plated into a 1 well of a 6 well plate and passaged up to 4 times using TRYPLE (Invitrogen). The phenotype of cultured cells was assessed by flow cytometry using a FACSCaliber and CellQuest  software (Becton Dickinson)  for data acquisiton and FloJo software (TreeStar Inc) for analysis. Briefly, cells were incubated with fluorochrome-conjugated monoclonal antibody for 30 minutes and washed before data acquisition. An electronic gate was used to exclude dead cells. Unstained cells from wild type and EGFP+ BM, together with appropriate isotypes were used as controls to set gates to identify EGFP+ cells co-expressing specific markers. Monoclonal antibodies used included CD45 (PECy5.5) [Caltag] and STRO-1 (APC) [R&D]. Endogenous cellular expression of EGFP did not require antibody staining to be detectable by the flow cytometer. Cells were deemed to be mesenchymal stem cells (MSCs) if they expressed STRO-1491-493 and were donor-derived if they co-expressed EGFP. Transplanted animals were compared to untransplanted positive control EGFP rats.  
Cell tracking in Cholangiocarcinoma experimental design Male chimaeric rats: Male rats transplanted with either female EGFP-BM or male EGFP-BM were commenced on oral TAA ten weeks after BMT. These were harvested following 14, 26 and 38 weeks of TAA dosing (n=6 TAA for each transplant group at each timepoint.) Controls consisted of transplanted chimaeras on drinking water alone (n=3 at each timepoint). Cell tracking was performed by immunohistochemistry for GFP and fluorescent in situ hybridisation for the Y-chromosome (YChr-FISH).  Female chimaeric rats: Similarly, female rats underwent BMT with male wt BM and were treated with oral TAA. These were harvested 12, 18, 32 and 52 weeks later (n=6 TAA and n=3 water controls at each timepoint.) Cell tracking was performed in these animals by means of YChr-FISH.   
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Immunohistochemistry and Immunofluorescence 
 
Antibody Types  Primary antibodies for cell-specific markers were used in antibody diluent (003218, Invitrogen): CK19 (1:50 dilution, NCL-CK19, Novocastra), PanCK (1:200, Z0622, Dako), ED1 and ED2 (1:100, MCA341R and MCA342R, AbD Serotec), α-SMA (1:2000, A5228, Sigma), desmin (1:50, Z0097, Dako), AFP (1:400, A0008, Dako), laminin (1:25, Z0097, Dako). Primary antibodies for Notch pathway components were similarly diluted and comprised: Notch1 (1:50, sc6014, Santa Cruz and 1:50, btan20/ab79972, Abcam), Notch2 (1:50, sc7423, Santa Cruz), Notch3 (1:50, sc7424, Santa Cruz), Notch4 (1:50, ab23427, Abcam), Delta-like 1 (1:50, ab10554, Abcam), Jagged1 (1:50, sc8303, Santa Cruz), Jagged2 (1:50, sc5604, Santa Cruz). Secondary antibodies included swine antirabbit IgG/biotin (E0431, Dako); rabbit antimouse IgG/biotin (E0464, Dako); rabbit antirat IgG/biotin (E0468, Dako), and rabbit antigoat (E0466, Dako) all used at 1:400.   Appropriate isotype controls were used for each primary antibody.  
 
Immunohistochemistry Immunohistochemistry was performed on paraffin sections. 5 µm methacarn- or formalin-fixed sections were de-waxed in xylene for 10 minutes, serially rehydrated through graded alcohol to distilled water (5 minutes) and washed in PBS. Antigen retrieval was performed using the appropriate method for the primary antibody of interest (citrate, ethylenediaminetetraacetic acid [EDTA], trypsin or proteinase-K). Slides were then washed in PBS for five minutes. To block endogenous peroxidase activity, slides were treated with 3% H202 (Sigma) in PBS for 20 minutes at room temperature on a rocker. Slides were then washed in PBS and mounted in sequenza racks. Avidin and biotin blocks were then performed for 15 minutes each (SP-2001, Vector), with two rinses of PBS between each step. Sections were then blocked with serum-free protein block (X0909, Dako) for 30 minutes. Without PBS washing, sections were immediately incubated with appropriate primary antibody dilutions in blocking buffer for either one hour (room temperature) or overnight (4 °C).  Primary 
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antibody concentrations and incubations were as detailed in “Primary Antibody Types” above. Following rinsing in PBS, slides were incubated with 1:400 biotinylated secondary antibody (Rabbit anti-mouse, E0354, Dako) for 30 minutes. Following treatment with ABC-reagent (Vector PK-7100) for 30 minutes and PBS washing, sections were developed using 3,3′-diaminobenzidine (Dako K3468) for 4-10 minutes in the dark then counterstained with Harris' hematoxylin and blued in Scott’s tap water for 25 seconds each. Slides were then dehydrated through graded alcohol, cleared in xylene and mounted with Pertex mount medium.   
Immunofluorescence For immunofluorescence, following rehydration of slides into PBS as described above, sections were immediately blocked with serum-free protein block (X0909, Dako) for 30 minutes and then incubated with appropriate primary antibody dilutions in blocking buffer for either one hour (room temperature) or overnight (4°C). Sections were then washed with PBS and re-incubated with appropriate secondary antibody for 30 minutes at room temperature in the dark. Secondary antibodies included Alexa ®Fluor 488 (green), Alexa® Fluor 594 (red) and Alexa® Fluor 647 (red) fluorescent dye conjugated antibodies. Slides were subsequently washed with PBS and mounted using Vectashield with DAPI to counterstain the nuclei (Vector, Burlingame, CA, USA).  
Dual Immunofluorescence – Two Step  For dual immunofluorescence, dependent on the stability and signal strength of the antibody complexes, staining was undertaken either as two-step immunofluorescence staining or by use of Perkin Elmer Tyramide Signal Amplification (TSA) Plus systems that stabilise the first antigen signal of interest prior to application of second antigen staining.  For two-step dual immunofluorescence, following incubation with secondary antibody for the first antigen-recognising primary antibody, slides were washed with PBS. They were then re-blocked with serum-free protein block (X0909, Dako) for 30 minutes and incubated directly with appropriate primary antibody dilutions (for the 
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second antigen of interest) in blocking buffer for either one hour (room temperature) or overnight (4 °C).  Sections were then washed with PBS and re-incubated with appropriate secondary antibody for 30 minutes at room temperature in the dark. Slides were subsequently washed with PBS and mounted using Vectashield with DAPI to counterstain the nuclei (Vector, Burlingame, CA, USA).  
Dual Immunofluorescence – Tyramide Signal Amplification (TSA) Perkin Elmer TSA Plus systems were used according to the manufacturer’s instructions (Cy3 Nel744001KT, Cy5 etc). Briefly, immunostaining was carried out by rehydrating slides, blocking endogenous peroxidase with H202, washing with PBS, blocking with serum-free protein block, incubating with primary antibody (1 hour room temperature or overnight at 4 °C), washing, and incubating with 1:500 diluted Fab Peroxidase-conjugated secondary antibody for 30 minutes (Goat anti-Mouse or Goat anti-Rabbit depending on primary antibody species). Slides were then washed and incubated with 1:50 diluted Tyramide Cy3/Cy5 for 10 minutes. Following this, sections were washed and mounted using Vectashield with DAPI (Vector, Burlingame, CA, USA). Primary antibody concentrations were reduced to minimise signal:noise ratio (CK19 1:4000, αSMA 1:16000, ED1 1:2000, ED2 1:400, EGFP 1:10,000). To further reduce background, sections were incubated in hot 0.01 M sodium citrate pH 6.0 for two minutes between the first and second primary antibodies.   For immunofluorescence prior to YChr-FISH, the sections were treated according to the TSA protocol above to ensure stability of signal prior to exposure of sections to the YChr-FISH protocol. Sections were then washed and entered into the YChr-FISH protocol.    
Fluorescent In Situ Hybridization (FISH) analysis of transplanted tissue The BM origin of cells was tested by YChr-FISH using STAR* FISH Rat 12/Y Cy3 labelled Paint (#CA-1631, Cambio, Cambridge, UK).  To determine the chromosomal complement of the cells with a myofibroblast phenotype and 
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cholangiocyte phenotype, YChr-FISH was combined with immunohistochemistry for 
α-SMA or CK19 using an indirectly labelled Cy5 signal. Cell nuclei were analysed using microscopy for the Y chromosomes.   Sections were dewaxed in xylene, rehydrated in graded alcohols and then immunofluoresence for cellular antigens was performed as detailed above, with the addition of tyramide amplification and stabilisation of the antigen signal on the sections. Following addition of tyramide amplification, slides were immediately incubated in 1 mol/L sodium thiocyanate for 10 minutes at 80 °C, washed in PBS, and (for formalin-fixed tissues) digested in pepsin (0.4% wt/vol) in 0.1 mol/L HCl at 37°C for two minutes. The protease was quenched in glycine (0.2% vol/wt) in double-concentration PBS, and the sections were then rinsed in PBS, post-fixed for two minutes in paraformaldehyde (4% wt/vol) in PBS, dehydrated through graded alcohols, and air-dried. The chromosome paint was added to the sections (10 µL per slide), sealed under glass with rubber cement, heated to 80 °C for 30 minutes, and incubated overnight at 37 °C. The slides were then rinsed three times in Formamide wash solution at 37 °C, three times in 2×SSC at 37 °C, detergent wash solution for 10 minutes and then PBS. The slides were mounted using Vectashield with DAPI (Vector, Burlingame, CA, USA).   
Antigen Retrieval  In rat tissue, trypsin antigen retrieval was performed to enable detection of CK19 and ED2 epitopes. ED1, αSMA, MPO and desmin required antigen retrieval with boiling sodium citrate. In human tissue, no antigen retrieval was necessary. PanCK was antigen retrieved by means of Proteinase K. For Notch pathway components, no antigen retrieval was performed and sections were permeabilised with 3% TritonX for 30 minutes.  Sodium Citrate: Sections were incubated in citrate buffer (10 mM sodium citrate, 0.05% Tween20, pH 6.0), in a microwave on full power, heated for 5 minutes three times, topping up the level every time. Slides were then allowed to cool for 10 
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minutes with running water. For Notch components, sodium citrate antigen retrieval was performed using a pressure cooker for five minutes (timed from when incubation pressure had been reached), and then cooled for 20 minutes in the cooker.   EDTA:  Sections were treated in the same fashion as for sodium citrate, using 1 mM EDTA, 0.05% Tween 20, pH 8.0.  Trypsin: Sections were incubated at 37°C with 0.01% Trypsin in 0.1% CaCl2 in dH20 for either 15 minutes (formalin fixed tissues) or eight minutes (methacarn fixed tissues). The pH was adjusted to 7.8 using 1 M NaOH.  Proteinase K: Sections were incubated with Proteinase K for 8 minutes (methacarn) or 15 minutes (formalin) at 37 °C. For the retrieval, 12.5 mg of Proteinase K was added to 100 mL of PBS and pH balanced to pH 8.0.   
Cytospins Cell suspensions were created in a solution of 0.1% bovine serum albumin in PBS (A7906, Sigma, UK). Cell number counts were performed with a nucleocounter (941-0002 Nucleocassettes and SCC-100 Nucleocounter, Chemotec, Denmark). 20-50,000 cells were pipetted into a cytofunnel (cytoclip, slide and filter card – 3120110, Thermo Scientific) and centrifuged at 300 rpm for 3 minutes (Shandon Cytospin 4 centrifuge, Thermo Scientific). Slides were fixed in ice cold methanol for 5 minutes, allowed to air dry and stored at -20 °C before use. In separate experiments for immunocytochemistry studies, cells were cultured in 4 well LabTek II Chamber Slides (177399, Thermo Scientific, UK) for 72 hours and then used for immunocytochemistry studies.    
Immunocytochemistry Slides with adherent cultured cells (80% confluence following 72 hours of culture) or cytospun cells were washed in PBS and fixed in ice-cold methanol for 10 minutes. 
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Slides were then processed in a similar fashion as for the immunohistochemistry protocol starting from the endogenous peroxidase-blocking step as antigen retrieval was not required.   
Picrosirius Red Staining for Quantification of Liver Fibrosis Picosirius red (PSR) stains collagens, a marker of fibrosis. Picrosirius red staining was performed on 5 µm liver sections.  Slides were deparaffinised in xylene and rehydrated in graded ethanol (100-50%) and distilled water followed by incubation for 2 hours in saturated picric acid solution containing 0.1% Sirius red and 0.1% Fast green.  Slides were subsequently rinsed in distilled water to remove excess dye and dehydrated in graded ethanol (50-100%) and cleared in xylene.  The slides were mounted on glass cover slips with aqueous PermountTM mounting media (Fisher Scientific, Loughborough, UK).  Picrosirius red staining of liver specimens was quantified by digital image analysis (Photoshop, Adobe, San Francisco, USA) of 30 randomly selected and blinded high magnification (x200) photomicrographs.  Detection thresholds were set for the red colour of PSR stained collagen from an area of intense staining and an arbitrary colour threshold range was applied.  
Microscopy and Image Capture For light and fluorescent microscopy, a Nikon Eclipse E600 microscope (Nikon UK Ltd., Surrey, UK) was used with a DXM 1200F digital camera. Image processing was performed using Adobe Photoshop software (Adobe Systems UK, Uxbridge, Middlesex, UK).     
RNA extraction from cultured cells and tissue samples RNA was isolated from snap-frozen tissue (rat and human CCA and normal liver tissue samples) by using Trizol or Trireagent (Invitrogen, UK) and a RNeasy RNA extraction kit (74104, Qiagen, UK) according to the manufacturers’ instructions.   
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For in vitro cell line culture, Trizol RNA isolation was used. Culture medium was removed from wells and cells were washed in ice-cold PBS. Cells were harvested into Trizol (100 µL for 24 well, 250 µL for 12 well and 500 µL for 6 well plates), ensuring plates were thoroughly scraped and samples pipetted up and down several times. (Samples could be stored at -20 °C at this stage.) Specimens were then incubated at 25 °C for 5 minutes, followed by addition of 200 µL chloroform/1 mL Trizol. Eppendorf tubes were then shaken vigorously for 15 seconds and re-incubated at 25 °C for 2 minutes. Samples were centrifuged at 12,000 g for 15 minutes at 4 °C. The aqueous phase of the sample was transferred to a fresh tube and 500 µL isopropanol/1mL original Trizol volume was added. Reincubation at 25 °C for 10 minutes was followed by centrifugation at 12,000 g for 10 minutes at 4 °C. The supernatant of each sample was gently aspirated, leaving the pellet in the Eppendorf tube which was then vortex-washed with 250 µL 75% ethanol and re-centrifuged at 7,500 g for 5 minutes at 4 °C. The ethanol was aspirated, the pellet was air dried for 10 minutes at room temperature and then resuspended in 10 µL sdH2O and incubated at 55 °C for 10 minutes prior to DNAse treatment or direct reverse transcription.  DNAse treatment was undertaken to remove contaminating genomic DNA from RNA. To the RNA sample in 10 µL sdH2O, as yielded above, 2 µL 5x RT buffer and 0.5 µL RNAse-free DNAse I (5 units) was added. This was incubated at 37 °C for 15 minutes followed by incubation at 70 °C for 10 minutes. The resulting pure RNA sample was then quantified using a Nanodrop (ND-1000) prior to reverse transcription into first-strand cDNA.   
Reverse Transcription 1 µg RNA was added to RNAse/DNAse free water to a final volume of 9 µL in 0.2 mL Eppendorf tubes (on ice). Alternatively, if the RNA extraction protocol yielded a dilute concentration of RNA such that this volume was not possible, then 0.1 µg RNA was used and made up to 9 µL. 2 µL (50 ng/µL) random hexamers (272166-0.5ku pd(N)6 Na salt 50 u) was added to the lid of the Eppendorf tube and pulse spun 
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to mix. Samples were then heated at 70 °C for 10 minutes in the PCR microplate incubator and chilled on ice. Mastermix was made up of the following components for each sample to be reverse transcribed: 4 µL 5x RT buffer, 2 µL 0.1 M DTT, 0.5 
µL 10 mM dNTp mix (10 mM each), 0.5 µL Superscript II (added last), 0.5 µL RNAse inhibitor and 1.5 µL H2O. Mastermix was added to each sample to be reverse-transcribed, ensuring controls were undertaken: One control without Superscript II and one control without RNA (negative control). The samples were incubated at 42 °C for one hour in the PCR microplate incubator, then pulse spun and stored at 20 °C.   
qPCR for Notch pathway and macrophage markers  Notch pathway qPCR analysis was undertaken using the human and rat Notch RT2 SYBR Green/ROX Profiler PCR arrays (Ref: PAHS-059C-12 and PARN-059Z, SABioscience, Frederick, MD) to study expression profiling of the Notch pathway’s binding and receptor processing genes, putative targets and main crosstalk pathways in normal liver and CCA specimens. In essence, SYBR Green qPCR generates a quantitative fluorescent signal as SYBR green dye binds to double-stranded DNA sequences (amplicon) produced by the qPCR reaction. qPCR was performed with the ABI Prism 7500 fast real-time PCR system (Applied Biosystems, Foster City, CA) according to the manufacturer’s instructions (two step cycling programme). Each PCR tube comprised 12.5µl RT2 SYBR Green/ROX qPCR master mix, 10.5 µl ddH20, 1.0 µl template cDNA, 1.0 µl gene-specific 10 µM PCR primer pair stock (25 
µl total volume). The ∆∆Ct method was used to analyze the relative expression level of each gene. A threshold of three-times greater expression was set to identify upregulation.   Separately, qPCR for individual macrophage receptors and markers were undertaken using QuantiTect SYBR Green primer assays (Qiagen, Crawley, UK)  for CSFR1 (QT00073276), CSFR2a (QT00046298), CSFR2b (QT01676962). qPCR for IL-10 was undertaken with a primer designed in-house: IL-10 Fw: TGC-CCT-CAG-CAG-AGT-GAA-GA and IL-10 Rv: GGT-CTT-GGT-TCT-CAG-CTT-GG. Each PCR 
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tube contained 10.0 µl Express SYBR mastermix, 0.4 µl forward primer and 0.4 µl reverse primer (10 µM stock), 1.2 µl  ddH20 and 8.0 µl template cDNA (20 µl total volume). qPCR was performed with the ABI Prism 7500 fast real-time PCR system (Applied Biosystems, Foster City, CA).    
Cytotoxicity assays and inhibition of Notch signalling   Cells were plated in 96-well plates at 80% confluence. For each cell line, the cell numbers were as follows: SNU-1079 2.0x103, SNU-1196 2.0 103, CC-SW-1 1.0x104, CC-LP-1 1.0x104. Cells were plated and allowed to adhere overnight before medium was changed and culture continued for 24-48 hours with chemotherapeutic drugs (1.0-160 µM 5-fluorouracil, 0.2-320 µM cisplatin [Sigma, UK]) and/or 1-50 µM of the γ-secretase inhibitor DAPT (565784, Calbiochem). These agents were reconstituted in dimethyl sulphoxide (DMSO; Sigma). Cytotoxicity was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described below.    
Luciferase Reporter Assays For Notch reporter gene assays, CCA cell lines were seeded in 12- and 48-well plates. After 24 hours cells were transiently transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Transfection of dual-luciferase reporters was performed with up to 0.5 µg of a 12xRBPJk-luciferase  Notch reporter construct (gift from U. Lendahl and E. Hansson to S Lowell 494) together with up to 0.1 µg of a SV40-renilla plasmid. As a positive control, additional transfection of up to 0.5 µg of the constitutively activated Notch intracellular domain (NICD) was performed.  Following transfection, cells were allowed to recover for 8 hours and subsequently treated with DAPT and chemotherapy for 48 hours. Cells were then harvested, and lysates prepared and analyzed for luciferase activity using a Dual-Glo® Luciferase Reporter Assay System (Promega, Madison, Wisconsin, USA) according to the manufacturer’s instructions. Luminescence was measured using an Orion II Microplate 
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Luminometer (Titertek-Berthold, Pforzheim, Germany): luciferase luminescence was read followed by addition of a quencher and substrate for renilla with re-measurement of renilla luminescence. Luciferase expression was calculated as a ratio of the two readings (luciferase:renilla).  
 
 
Human tissue samples Samples of normal and neoplastic tissues were obtained from patients who underwent elective resection of CCA tumours at the Royal Infirmary of Edinburgh between 2008 and 2010 under ethics code 08/S1101/41 (Edinburgh Experimental Cancer Medicine Centre protocol) and 10/S1402/33 (NHS Research Scotland Bioscience protocol.)  
Age Sex Hepatectomy TNM CCA Risk Factors 69 F Extended Right T3 N0 No 67 M Extended Right T3 Nx No 53 F Extended Right T2 N1 M0 Ulcerative Colitis 59 F  Extended Right T1 N0 No  53 M Extended Left T3 N0 No  
 
MTS and MTT Cell Proliferation Assays MTT and MTS assays were used to determine the proliferation of cells. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] is a yellow tetrazole which is reduced to a purple formazan in living cells by mitochondrial dehydrogenase in viable cells. The formazan salt is insoluble and must be resolubilised by DMSO before being colorimetrically quantified 495. Similarly, MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] is reduced from the yellow tetrazolium salt to a purple formazan salt in the presence of phenazine methosulfate (PMS). This enables “one-step” colorimetric analysis.   Experiments were carried out in 24-well plates (doublets or triplicates) and 96-well plates (triplicates or sextriplicates). Differing volumes (20 µL for 96 wells -130 µL for 24 wells) of either MTT or MTS reagent (Promega-G3580) were added to wells 
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and plates were incubated at 37 ºC for 30 to 120 minutes, dependent on the assay. For MTS assay, cells were cultured in phenol-red free media (to reduce colorimetric interference) whereas for MTT assay, cells were cultured in standared media. MTS-treated cells were analysed immediately whereas MTT-treated cells were dried and the insoluble formazan salt was resolubilised with 100-300 µL DMSO prior to analysis.  Plates were shaken for 10 seconds to ensure uniform distribution of MTT/MTS before spectrophotometry by a Biotek Synergy HT Multi-Detection Microplate Reader. Plates were read at 570 nm optical density and expressed relative to background at 690 nm. Gen5 data collection software was used for analysis. Controls comprised incubation of MTT/MTS with wells that contained either no cells (media only) or wells that contained lysed cells (treated with Triton X).  
 
Lactate Dehydrogenase (LDH) Assay The MTT/MTS proliferation assay was performed concurrently with the lactate dehydrogenase (LDH) Cytotoxicity Assay. Lactate deydrogenase is released from cells during cell death (apoptosis and necrosis). Consequently, absence of LDH in 
vitro indicates that MTT/MTS assay results represent cellular proliferation rates rather than metabolic cell death pathways. Cell culture supernatant was centrifuged at 500 g for 3 minutes to remove cellular debris then plated in triplicate (50 µL) in 96 well plates. 50 µL of LDH reagent (Promega-G1781) was added to each well. Plates were incubated at room temperature in a microplate incubator at 600 rpm in the dark for 20 minutes to ensure even distribution of substrate. Optical density was read at 570 nm and expressed relative to background at 690 nm on a Biotek Synergy HT Multi-Detection Microplate Reader.  
3H-Thymidine Incorporation Assay 3H-thymidine (“tritiated thymidine”) is incorporated into DNA in new cells and thus is a measure of proliferation. Cultured cells in 96 well plates were incubated with 2 
µm (in 10 µL) 3H-thymidine (1:14 dilution in DMEM) for 16 hours. Experiments were carried out in sextuplicate. Following incubation, plates were frozen at -20 °C 
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to permeabilise cell membranes and enable efficient acquisition of 3H-thymidine. The cells were transferred onto filter paper (Wallac-1205-401) using an automated harvester. The filter paper was then dried in an oven for 20 minutes and heat-sealed in a sample bag (Wallac-1205-411) with scintillation fluid (9 mL). A Betaplate scintillation counter (Wallac-SC/9200/21) was used for analysis. 
 
Collagen and Laminin Plating  Plates were either pre-coated with collagen I (354407), collagen IV (354429) or laminin (354410) (all Sigma) or were coated prior to use. Coating was undertaken using collagen I (from rat tail), collagen IV (from human placenta) or laminin  (all Sigma, UK) and were dissolved in 0.1M Acetic acid to a concentration of 1.0 mg/mL then diluted in distilled water to 0.1  mg/mL and plated out at a concentration of 15 
µg/cm2 on to 96 well culture plates. Poly-D-lysine (Sigma, UK) was disolved in distilled water to a stock concentration of 0.1 mg/ml, further diluted to a final concentration of 10 µg/ml then applied to 96-well plates in a similar manner to the ECM components. The coated culture plates were left to dry in a class II microbiological safety cabinet for 1 hour then moved to 4 °C for 24 hours. Residual acid was neutralised with 0% FCS DMEM and then 0.1% bovine serum albumin (BSA) in 0% DMEM was applied for one hour in order to block non-specific binding. Cells were then cultured on these coated plates in appropriate media for 24-48 hours before the MTT assay was performed.  
Flow Cytometry Flow cytometry and flourescence activated cell sorting (FACS, FACSVantage, Becton and Dickinson) was performed to analyse and collect different cell populations within cancer cell lines and bone marrow samples. For side population analysis, cells were stained using Hoechst 33342 and propidium iodide (to enable targeted gating of viable cells). For EGFP bone marrow studies, cells were gated according to their intrinsic fluorescent properties. For epitope-specific cells sorting, the following pre-conjugated antibodies were used: STRO-1, CD133, Thy-1 (Company – eBiosciences, Biolegend, BD Pharmingen etc) with the appropriate isotype control.  
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Growth of Plasmids The plasmids obtained from Dr Sally Lowell were transformed and expanded for use within our laboratory. The plasmids were as follows: 1. Sel35-12CSL luciferase (Notch signalling pathway reportor plasmid with 12xCSL repeats to amplify the signal) 2. GFP Plasmid AGS445 3. Sel67 SV40-renilla 4. pNotchIC Sel39 (pCAG-NotchIC-ires) 5. Empty vector AGS-564 (564-pPyCAGIP) All of these plasmids possess ampicillin-resistance cassettes to enable colony growth and selection. The GFP plasmid, empty vector and PNotchIC also contain puromycin resistance to enable the creation of stably transfected cell lines. Note that luciferase and renilla are not appropriate for stable transfection.   Plasmids were transformed into MAX efficiency® DH5α competent cells (Invitrogen 18258-012) and then expanded using ampicillin resistance growth cultures. Plasmid DNA was then extracted from the cultured cells using MidiPrep (Qiagen 12243) and stored at -70 °C.   Day One: Plasmids to be transfected were made up into 10 ng/mL solutions. 100 µL samples of DH5α cells were thawed on wet ice from -70 °C and placed in chilled polypropylene tubes, one sample for each plasmid. 1 µL plasmid was added to 100 µL cell sample and heat-shock transformed as described in the Invitrogen protocol (Cat No: 18258-012). Briefly, this entailed incubation of the suspension on wet ice for 30 minutes, followed by heat-shock for 45 seconds at 42 °C in a water bath, then placement on ice for 2 minutes, addition of 0.9 mL S.O.C. medium (15544-034 Invitrogen). Cell suspensions were shaken at 225 rpm at 37 °C for 1 hour and then spread in 10-100 
µL aliquots onto agar plates containing 100 µg/mL ampicillin. Plates were incubated overnight.  
 123 
Agar plates were made by melting the pre-prepared solid agar in a microwave, and were then allowed to cool until it was possible to hold the bottle with bare hands. Appropriate antibiotics for resistance were then added. In this case, ampicillin 100 
µg/mL was used (stock solution 50 mg/mL so 1 mL added to a 500 mL bottle of agar). The agar was then poured into plates and allowed to set, avoiding condensation on the lids that can increase contamination (by setting the plates in cell culture hoods). Following setting, cells were spread onto plates and incubated upside down in the bacterial incubator (37 °C) overnight.  Day Two: Colony growth was checked on each plate, and the plates were wrapped in parafilm and store in the fridge until the afternoon. Single colonies were selected from each plate for each plasmid. In this case, single colonies from the 10 µL aliquot plates were used. A pipette tip was used to lift the colonies and transfer them to 4 mL of Lysogeny (LB) broth supplemented with 100 µg/mL ampicillin. The control comprised broth with no added cells. The broth was stored overnight at 37 °C at 225 rpm.   Day Three: The 4 mL tubes were inspected and appeared cloudy due to cell growth. These were placed in the fridge to await the afternoon. In the afternoon, 400 µL of broth culture from each tube was added to 100 mL LB broth containing 100 µg/mL ampicillin. This was incubated overnight at 37 °C at 180 rpm in 500 mL conical flasks with sponge bungs.     Day Four: The bacterial cells were harvested by placing 50 mL suspensions into Corese tubes and then centrifugation at 6000 g for 15 minutes at 4 °C to create cell pellets. Plasmid extraction was undertaken using QIAfilter Plasmid Midi kits according to the manufacturers instructions In essence, this results in purified pellets of plasmid 
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DNA that is then redissolved in TE buffer (pH 8.0). Quantification of plasmid yield was then performed by nanodrop.  Glycerol stocks of transformed cells were also stored at -70 °C, to avoid having to re-transform cells in the future if further plasmid stocks are required. This was performed by mixing 500 µL sterile autoclaved glycerol to 500 µL cells grown in selective LB broth and storage at -70 °C. When defrosted, these cells may be added to 100 mL LB broth containing 100 µg/mL ampicillin, incubated overnight at 37 °C at 180 rpm in 500 mL conical flasks with sponge bungs, prior to harvesting and purification of plasmid DNA.     
Test of Plasmids In order to test the plasmids, PNotchIC Sel39 plasmid was sequenced to confirm the correct inclusion of the NotchIC component in the plasmid (see below for details). A functional test of the ability of this plasmid to drive the 12CSL luciferase reporter was then undertaken. Following confirmation of the sequence, co-transfection of the PNotchIC Sel39 plasmid, empty vector plasmid and Sel35-12CSL luciferase reporter plasmid into CCA cell lines. Luciferase signal was then measured and found to be elevated in cells with PNotchIC Sel39 but not in cells with empty vector. This confirmed that the plasmids functioned appropriately.    
Transfection of CCA cell lines with Notch reporter constructs Transient transfection of Notch reporter constructs into CCA cell lines comprised the following category sets: 1. SV40-renilla + 12CSL-luciferase + pGFP (with subsequent treatment with γ-secretase inhibitor or chemotherapy) 2. SV40-renilla + 12CSL-luciferase + pNotchIC    SV40-renilla functions as an equaliser for transfection efficiency (vector tagged to renilla fluorescent protein), whilst 12CSL-Luciferase responds to Notch pathway 
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signalling and produces a measureable signal, that may be quantified relative to SV40-renilla. pGFP functions as a visual signal to confirm successful transfection as GFP may be directly visualised by fluorescent live cell photomicroscopy. Finally, pNotchIC acts as a positive control for Notch pathway signalling by comprising the internal portion of the Notch receptor, with the result that transfected cells demonstrate constitutively Notch pathway activation.    Transient transfection was performed in 24 or 48 well plates. Cells were grown to 70-90% confluence (seeding numbers characteristically required 0.5 to 2.0 x105 cells per well in 24 well plates to enable transfection 24 hours after plating). Cells were washed with cell culture media (not PBS as phosphate may inhibit transfection) and cultured for six hours in antibiotic-free 10% FCS L-glutamine-enriched culture media (IMDM/RPMI-1640).   Lipofectamine-plasmid suspensions were generated, with a total volume of 100 µl per well in a 24 well plate and 50 µl per well in a 48 well plate. The suspensions were generated as follows (quantities described below are for one well in a 24 well plate and should be scaled appropriately to the number of wells transfected):  A: 50 µL RPMI + 0.1 µg SV40-renilla + 0.5 µg 12CSL-luc + 0.5 µg pNotchIC Sel39 (or 0.5 µg pGFP) B: 50 µL RPMI + 1.5  µL lipofectamine  These mixtures were allowed to stand for 5 minutes, then A and B were mixed (by adding dropwise) and left to stand for a further 35 minutes, then the appropriate volume added to each well for transfection.  After 18 hours, wells were washed with antibiotic-free culture media to remove transfection suspension, then cultured for a further six hours in antibiotic-free 10% FCS media reverting to ongoing culture in antibiotic-containing 10% FCS cell culture media thereafter. To confirm transfection, live cells were visualised under a microscope through the FITC filter to identify cells that expressed GFP signal. Cells 
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were then treated experimentally for up to 48 hours, for example with γ-secretase inhibitor or chemotherapeutic drugs prior to analysis of Notch pathway activation.   Wells were then washed with with PBS and analysed using Dual-Glo® Luciferase Reporter Assay System (Promega, Madison, Wisconsin, USA) according to the manufacturer’s instructions. Briefly, this entailed addition of passive lysis buffer (Dual-Glo ® Luciferase Assay Reagent) - 50 µl for 48 wells or 100 µl for 24 wells - and storage of the plates at -20°C prior to analysis. Plates were brought back to room temperature and analysed within two hours. Cell lysates were transferred to opaque 96 well plates (to remove signal interference between wells) and 12CSL-luciferase luminescence of the wells was measured in a semi-automated plate reader  An equal volume of Stop and Glo ® Reagent (quenches the luciferase signal and provides substrate for the renilla) was added to the wells by the semi-automated plate reader , incubated for 10 minutes and then the renilla luminescence was measured. Results expressed as ratio of the two readings.   




GGCTCCAGAATGGCATGGTGCCCAGCCAGTACAACCCACTACGGCCGGGTGTGACGCCGGGCACACTGAGCACACAGGCAGCTGGCCTCCAGCATAGCATGATGGGGCCACTACACAGCAGCCTCTCCACCAATACCTTGTCCCCGATTATTTACCAGGGCCTGCCCAACACACGGCTGGCAACACAGCCTCACCTGGTGCAGACCCAGCAGGTGCAGCCACAGAACTTACAGCTCCAGCCTCATAACCTGCATCCACCATCACAGCCACACCTCAGTGTGAGCTCGGCAGCCAATGGGCACCTGGGCCGGAGCTTCTTGAGTGGGGAGCCCAGTCAGGCAGATGTACAACCGCTGGGCCCCAGCAGTCTGCCTGTGCACACCATTCTGCCCCAGGAAAGCCAGGCCCTGCCCACATCACTGCCATCCTCCATGGTCCCACCCATGACCACTACCCAGTTCCTGACCCCTCCTTCCCAGCACAGTTACTCCTCCTCCCCTGTGGACAACACCCCCAGCCACCAGCTGCAGGTGCCAGAGCACCCCTTCCTCACCCCATCCCCTGAGTCCCCTGACCAGTGGTCCAGCTCCTCCCCGCATTCCAACATCTCTGATTGGTCCGAGGGCATCTCCAGCCCGCCCACCACCATGCCGTCCCAGATCACCCACATTCCAGAGGCATTTTGAATTTCGACTAGCTAGAGCGGCCGCTCGAT  A number of primer sets were generated by the primer design software. To ensure optimum characteristics in terms of temperature conditions and primer length, forward primers were selected to span 500 base pair gap sets whilst reverse primers spanned 650 gap sets: 
Table 2.1: NICD Plasmid Primers Primer No. Sequencing Range Start Site 5'-Sequence-3' Tm (°C) Length   FOR_1 501-1000 457 AGAAGATGCACCTGCTGTCA 59.577 20 FOR_2 1001-1500 956 CGTGAGGGCAGCTATGAGAC 60.966 20 FOR_3 1501-2000 1456 TATGCCTGACACTCACCTGG 59.701 20  FOR_4 2001-2400 1954 ACACCTCAGTGTGAGCTCGG 61.502 20  REV_1 650-1 692 GGAGCAGGATCTGGAAGACA 60.349 20  REV_2 1300-651 1354 GGAGTCCACAGGCGACAG 60.415 18 REV_3 1950-1301 2005 CAAGAAGCTCCGGCCCAG 64.342 18  The NICD plasmid was sequenced by expanding the reporter constructs obtained as a kind gift from Dr Sally Lowell.   
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Small Animal High Frequency Ultrasound Rats were anaesthetised by isoflourane inhalation with monitoring of body temperature, cardiac profile (electrocardiogram; ECG) and respiration (pulse oximeter) during ultrasound scanning using the Vevo 770 scanner (Visualsonics inc, Toronto, Canada). The abdomen was shaved and images of the liver were taken with the lowest frequency probe to obtain maximum ultrasound penetration (RMV 710B centred at 30 MHz with a 15 mm focal depth). The portal vein and porta hepatis were used as anatomical markers of location. Image acquisition was performed with and without intravenously injected microbubble contrast imaging agents (Vevo MicroMarker®) delivered via the tail vein. These microbubbles delineate the vasculature and are not specifically targeted to any structures. Ultrasound images were obtained of control non-fibrotic and TAA-treated fibrotic/cancer bearing animals.    
Small Animal Magnetic Resonance Imaging All MRI experiments were performed using a 7 T horizontal bore NMR spectrometer (Agilent, Yarnton, UK), equipped with a high-performance gradient insert (12 cm inner diameter, maximum gradient strength 400 mT/m). The rat was anaesthetized with 1.5–2% isoflurane in oxygen/air (50/50, 1 L/min), placed in a cradle (Rapid Biomedical GmbH, Rimpar, Germany), and the skull was fixed with plastic ear bars. Rectal temperature and respiration rate were monitored throughout the experiments, and body temperature was maintained at 37.0 °C with a heat fan. A birdcage coil (72-mm diameter) was used for radio frequency transmission and signal reception. All sequences were acquired using respiratory gating and the following parameters: field-of-view 80 mm×80 mm, matrix 256×256 (i.e. 312 µm in-plane resolution), slice thickness 1 mm.  T1-weighted MRI: Twenty contiguous axial fast spin echo images (echo train length 4) were collected with the following parameters: repetition time (TR) = 1 respiratory cycle (~1000 ms), 
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effective echo time = 9 ms; 2 signal averages. This scan was acquired at baseline and following injection of Dotarem (gadolinium contrast agent).   T2-weighted MRI: Twenty contiguous axial fast spin echo images (echo train length 4) were collected with the following parameters: TR = 2 respiratory cycles (~2000 ms), effective echo time = 36 ms; 4 signal averages. This scan was acquired at baseline.  T2*-weighted MRI: Ten contiguous axial gradient echo images were collected with the following parameters: TR = 40 ms, echo time = 3.5 ms; flip angle 30°, 1 signal average. This scan was acquired at baseline and, following injection of Dotarem, interleaved with the T1-weighted scan.   
Small Animal Fluorescent Imaging  Fresh tissue was obtained from wt and EGFP transgenic SD rats and imaged using the Olympus OV100 fluorescent imager. Acquisition settings were adjusted to obtain brightfield and fluorescent images which were overlaid to determine EGFP in vivo signal tissue depth penetrance.   
 




MODELS OF CHOLANGIOCARCINOMA  
 133 
Introduction A range of animal model systems of human malignancies have been developed that provide essential information regarding in vivo behaviour of cancer cells. Examples of these include subcutaneous administration of human cancer cells to immunodeficient mice with subsequent tumour formation (xenogeneic), and administration of animal cancer cells into immunocompetent host animals that are able to mount a typical tumour immune response without inducing transplant rejection (syngeneic). Other animal models are generated by dysregulation of specific genes that result in spontaneous in vivo tumour formation. A final model type entails administration of carcinogenic substances to wild type (wt) animals that then develop progressive lesions.    A limitation of many model systems is that the induced tumours comprise primarily of cancer cells; neither tumour associated stroma nor pre-malignant stem cell niche cells are readily apparent in the lesions or precursor stages. In the case of cancer cell transplant models, this is due to administration of a bolus of tumour cells that are not penetrated by immune cells. In the case of spontaneous tumours, this occurs due to the rapidity of tumour formation and inexorable tumour progression.   In order to study the in vivo stepwise development of CCA and tumour-stroma interactions in established intrahepatic CCA lesions, I investigated the feasibility of all CCA tumour models described in the literature, as detailed in the Introduction (Chapter 1). Common to most of the systems identified was the absence of tumour-associated stroma and a failure to realistically recapitulate the tumour microenvironment. One model considered was from the Clarke group 476 in which combined Pten and Apc deletion resulted in intestinal adenocarcinomas and additional intrahepatic lesions. Specimen blocks were kindly provided by Professor Alan Clarke and Dr Victoria Marsh. At the time of investigating the model, the intrahepatic biliary lesions more clearly represented biliary polyps or intraepithelial neoplasia rather than carcinomas. Furthermore, the tumour-associated stroma was minimal, as identified by αSMA staining of lesions. In view of this, the model was not pursued further at this stage (Figure 3.1).  
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 No satisfactory mouse models of intrahepatic CCA were found in pure background mice that would allow adoptive transfer of bone marrow (a core element of planned studies) without causing an immunological reaction. It was deemed impractical to perform adoptive transfer studies on DePinho’s model of induced CCA by administration of intraperitoneal CCl4 to p53-deficient mice 56. This was because p53- deficient mice are particularly sensitive to irradiation protocols.  
 
 
A: Proliferative biliary epithelium of medium and small bile ducts at 16 weeks.  
(haematoxylin and eosin stain). 
 
B: Proliferative but not neoplastic features of biliary epithelium with no evidence of 
nuclear atypia or invasion through basemement membrane. (H&E stain). 
 
C: A thin layer of myofibroblasts invests the bile ducts.  
(αSMA immunohistochemistry).  
 
D: Myofibroblasts ensheathe bile ducts but do not comprise a dense stromal mass. 











CCA lesions develop in rats with prolonged administration of TAA  In view of current histological limitations of CCA models, and in light of the intention to perform adoptive transfer (bone marrow transplant) studies, a trial was undertaken of the administration of thioacetamide (TAA) in drinking water to adult Sprague Dawley (SD) rats in order to induce intrahepatic CCA.  To identify the timecourse of intrahepatic CCA induction in rats and to specifically identify a timepoint when 100% of animals would reliably have tumours, cholangiocarcinogenesis was induced by oral administration of low dose TAA (0.03%) in drinking water in male SD rats.  Animals were sacrificed and liver tissue analysed at 4, 8, 10, 14, 18, 20, 26, 28 and 80 weeks (n=4 each timepoint except 28 and 80 weeks where n=2). Two rats were sacrificed at 80 weeks to investigate whether metastatic lesions developed. Comparison was made to tissue derived from age-matched, untreated control animals (n=1 each timepoint).   No tumours were identified until 14 weeks, when one of four livers demonstrated pale, firm hepatic nodules that were histologically confirmed as CCAs. However, at 16 and 20 weeks, no further animals had CCA despite continued development of inflammatory fibrotic changes in the liver parenchyma. At 26 weeks, all four animals exhibited CCA. Conversely, at 28 weeks, neither of the two animals sacrificed had lesions. Due to this finding, the remaining two animals in the planned cull cohort were not sacrificed as it became clear that it was not possible to identify reliably a timepoint when all animals consistently bore tumours. These two animals were instead sacrificed at 80 weeks and displayed intrahepatic CCA but no macroscopically identifiable metastases in the lungs or abdominal compartment  (Figure 3.2).  
 
Control Multiple Small Tumours Single Large Tumour 
Figure 3.2: TAA model of intrahepatic CCA in SD rats. Rodents were treated 
with 0.03% TAA for up to 80 weeks.  
At 80 weeks, tumours had grown significantly in size although there was no 
macroscopic evidence of systemic metastases. 
The 0.03% TAA diet did not yield a reliable timepoint for tumour formation. 
A 
B 




Human and TAA rat sections of cholangiocarcinoma show excellent phenotypic 
similarity.  
 CCA lesions in TAA-treated rats were found to display histological congruency with human tumours with very similar distribution of epithelial and stromal elements. Immunohistochemistry was performed for CK19+, CD68+, CD163+, αSMA+ cells and laminin extracellular matrix component.    CK19 expression in hepatic tissue identifies biliary epithelial cells, progenitor cells in the Canals of Hering and malignant epithelial cells in CCA 350, 496. Progenitor cells in the periportal niche have the potential to differentiate into either biliary or hepatic phenotypes and are often referred to as oval cells based on their morphology.  CD68+ (termed ED1+ in rat tissue) staining identifies migratory macrophages and monocytes, CD163+ (ED2+ in rat) identifies tissue resident macrophages (including Kupffer cells in the liver) 497, and αSMA expression delineates myofibroblasts 186. The distribution of all these cellular and extra-cellular elements of the tumour associated stroma was found to be notably similar between human and rat lesions (Figure 3.3).  
Figure 3.3: Comparative histology of human and rat intrahepatic CCA lesions 
The pattern of expression of CK19+ malignant epithelial cells is similar in rats and 
humans (CK19 immunohistochemistry): 
Human Rat 
A 
Both human and rat intrahepatic CCA lesions comprise disordered glandular  


















1: Migrating macrophages/monocytes (CD68/ED1) are  distributed throughout the 
stroma (1), whereas tissue resident macrophages (CD163/ED2) are minimally pre-
sent (2). Laminin surrounds all bile ducts (3). Myofibroblasts (αSMA) juxtapose 
bile ducts in an apparently direct cell contact mediated fashion (4).  
Human aSMA     Rat aSMA     
Human Laminin     Rat Laminin     
Human CD163     
Human CD68     Rat ED1/CD68     


















The TAA model demonstrates a stepwise progression of histological changes 
during carcinogenesis:   Early inflammatory changes appear in rat liver tissue from the fourth week of TAA administration. A niche of inflammatory cells and extracellular matrix (ECM) forms in the periportal regions where bile ductules and progenitor cells are located. Migratory ED1/CD68+ macrophages (Figure 3.4) aggregate at the periportal space and interlobular plates in a progressive fashion in the premalignant hepatic environment and are particularly prominent in CCA tumour stroma. Similarly, 
αSMA+ myofibroblasts accumulate at the “invading edge” of fibrosis in the periportal and interlobular plate regions and are also very prominent in tumour stroma (Figure 3.5). In contrast, the distribution of tissue resident ED2/CD163+ macrophages does not change during the treatment regime and these cells are not present in CCA tumour stroma in significant numbers (Figure 3.6).   In both healthy and inflamed/premalignant liver and also in CCA lesions, the ECM protein laminin closely invests bile ducts, oval cells and the epithelial component of CCA lesions (Figure 3.7). In CCA, the laminin basement membrane continues to encircle malignant bile ducts despite the invasive phenotype of the cancer cells.   Oval cells (CK19+) proliferate during hepatic inflammation and are found to accumulate during the prolonged TAA regime. Additionally, CCA lesions show strong CK19+ staining (Figure 3.8).   
Figure 3.4: The TAA rat model of CCA demonstrates a stepwise progression of 
histological and inflammatory changes 
 
CD68/ED1 macrophages (MΦ) migrate to peri-portal regions during the TAA  
regime and are prominent in CCA tumour stroma. 
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Figure 3.5: Distribution of αSMA+ myofibroblasts  
 
αSMA+ cells accumulate at the “invading edge” of liver fibrosis during TAA  
administration and are prominent in tumour stroma. 
Control 4 wks 
10 wks 
20 wks 








Figure 3.6: Distribution of CD163/ED2 tissue resident macrophages  
 
CD163/ED2 distribution does not change significantly during TAA administration 
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Figure 3.7: Laminin closely invests bile ducts, oval cells and CCA lesions 
Laminin ensheathes proliferating oval cells in TAA-treated rats: dual  




Presumptive oval cells  CCA lesion 
16 wks TAA Liver 
Laminin distribution does not change during TAA cholangiocarcinogenesis.  A 
x200 x50 
x50 x200 
Oval cells and laminin  x200 x200 
Figure 3.8: Oval cells (CK19+) behaviour 
CK19+ cells accumulate after prolonged TAA treatment and CCA lesions  
demonstrate strong CK19+ staining. 
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Liver fibrosis and progenitor cell proliferation in the TAA model precedes CCA 
formation   The relationship between the development of inflammatory liver fibrosis and oval cell proliferation was studied during the time period prior to the onset of CCA. The oval/progenitor cell response to TAA-induced hepatic inflammation was measured by counting CK-19+ cells that were not part of established bile ductular structures. Liver fibrosis was characterised by quantitative analysis of picrosirius red (PSR) staining. Oval cells numbers were found to increase in a progressive manner with prolonged TAA administration, when compared to untreated controls. Compared to untreated controls, oval cell numbers doubled from 4 weeks (2.0 fold, p=0.07), with a statistically significant increase from 10 weeks onwards (2.1-fold, p=0.01).  The oval cell response was markedly increased following 26 weeks of TAA (25.6-fold, p=0.03) (Figure 3.9A).  Histological analysis of PSR-stained liver sections from the same TAA-treated rats identified bridging fibrosis between portal triads along interlobular plates from 20 weeks onwards.  By 26 weeks, this had progressed to established liver cirrhosis, with dense bridging fibrosis and regenerative nodules.  Liver fibrosis was quantified by digital image analysis of PSR-stained sections. Until week 20, there was no significant increase in liver fibrosis in comparison to untreated controls.  Following 20 weeks of low dose TAA treatment there was a modest but significant increase in PSR-staining (1.7 fold, p=0.01).  At 26 weeks there was a marked increase in liver fibrosis (6.3-fold, p<0.0001) relative to untreated controls (Figure 3.9B).   The major expansion in oval cell numbers at 26 weeks corresponded to a similar increase in PSR-staining at this time point. Regression analysis identified a positive correlation between oval cell numbers and liver fibrosis as identified by PSR staining (R=0.665, p<0.001).  The more modest early increase in oval cell numbers from week 4 onwards (2.0 fold increase) preceded the development of significant liver fibrosis and intrahepatic CCA lesions (Figure 3.9C). 
 
(A)  Quantification of CK-19+ cells in liver sections.  Each bar represents the mean number of 
non-bile duct associated CK-19+ cells per high power field (x200) from 3-6 animals (n=6  
controls, n=3 at 14weeks, otherwise n=4).  (B) Liver fibrosis quantification by digital analysis 
of PSR-staining of liver sections from the same rats. Each bar represents the mean percentage 
area of PSR-staining per high power field (x200) field from 3-6 animals.  (C)  Statistical      
correlation between oval cell number and liver fibrosis (% PSR staining) (R= Pearson          
correlation co-efficient).  In each case error bars represent SEM, *p<0.05 (t-test). 
 
Figure 3.9 Liver fibrosis and oval cell (CK19+) proliferation during TAA induced 
cholangiocarcinogenesis 
The TAA model, tissue processing, CK19+ immunohistochemistry, oval cell counting and PSR staining were 
performed by myself. Dr Timothy Gordon-Walker undertook the PSR digital image analysis and the regression 





In vivo tumour imaging with ultrasound scanning is currently unsuitable for 
TAA induced rat CCA lesions  In view of the unpredictable appearance of CCA lesions in the 0.03% TAA model, the use of small animal imaging modalities was investigated to identify lesions and to measure tumour size in vivo prior to harvest. The Home Office license was rewritten to include the use of high-frequency ultrasound and small animal 7-Tesla MRI to identify animals with lesions in vivo and to measure tumour dimensions in live animals. Ultrasound was selected as the favoured modality to identify tumours in animals due to relative analysis speed and lower costs than MRI.   A pilot ultrasound scan on two rats was performed. One rat received 40 weeks TAA and was compared to an age-matched control rat that received normal water. Scans were performed with the addition of intravenously administered microbubble contrast agent to enhance the hepatic vasculature. The process was time-consuming, taking longer than one hour per rat under anaesthesia, expensive (greater than £100 per contrast aliquot) and the area of assessable liver was only 1cm3 per ultrasound scan session. This equates to less than 20% of the liver volume of an adult SD rat. The resulting ultrasound scan images were of insufficiently high resolution for small lesion detection, and it was not possible to identify either intrahepatic lesions or liver fibrosis. No tumours were positively identified (Figure 3.10).   
Figure 3.10: High frequency liver ultrasound of TAA and control SD rats 
B1 B2 









portal vein doppler 
 
A1: Representative ultrasound image of portal vein and liver parenchyma of rat 
provided by Visualsonics A2: Representative Doppler waveform signal from portal 
vein B1: Cross-sectional ultrasound of rat liver B2: Enhanced microbubble contrast 
ultrasound of TAA-treated liver section, with region of interest (highlighted in 
blue) identifying intrahepatic vasculature C1: Three dimensional reconstruction of 
serially collected trans-sectional ultrasound images of TAA-treated liver with  
microbubble enhancement. No evidence of liver tumours seen.  
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In vivo tumour imaging with Magnetic Resonance Imaging identifies TAA 


















Figure 3.11: MRI with gadolinium contrast of TAA-treated compared to control rat  
 
Gadolinium contrast enhancement reliably identified CCA lesions in TAA-treated rat tissue in T1 
weighted images, with additional peritumoral vasculature on T2* weighted perfusion scanning. In the 




TAA Treated Rat Control Rat 
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In vivo tumour imaging with live fluorescent imaging is currently not possible 
for TAA induced rat CCA lesions   In view of the EGFP+ BM adoptive transfer experiments being undertaken (see Chapter 5), an investigation was undertaken of the feasibility of imaging fluorescent intrahepatic CCA lesions in live wt SD rats following EGFP+ BM adoptive transfer and subsequent TAA treatment. The liver of an EGFP+ SD rat was overlaid with a section of abdominal wall from a wt SD rat and imaged with an Olympus OV100 fluorescent camera. This resulted in complete obliteration of fluorescent signal from the liver and demonstrated that, in rats, the depth penetrance sensitivity of currently available fluorescent cameras is insufficient for detection of EGFP signal through tissue. Consequently, this technology was not pursued as a method for identifying EGFP+ CCA tumours in rats (Figure 3.12).   
Figure 3.12: Fluorescent Imaging of EGFP+ and wt SD rat tissue  
 
A1: Brightfield image of wt and EGFP skin. A2: Fluorescent image of wt and EGFP skin. 
A3: Overlay of brightfield and fluorescent image with green highlight of fluorescent image. 
B1: Brightfield image of wt organs. B2: Fluorescent image of wt organs. B3: Fluorescent 
image of EGFP organs. C1: Brightfield image of wt liver. C2: Fluorescent image of wt 
liver. D1: Fluorescent image of EGFP liver. D2: Fluorescent image of EGFP liver overlaid 















A higher dosage of TAA treatment accelerates CCA development in rats  In view of the latency period associated with 0.03% TAA administration, the unpredictability of developing CCA lesions and the various obstacles to detecting tumours in vivo, a second group of rats were commenced on a doubled dose of TAA (0.06%), following modification of the Home Office project license. Animals were sacrificed at 10, 14, 16, 18, 20, 22, 24 and 26 weeks to identify whether tumours could be induced at an earlier stage (n=3 each timepoint). These animals developed more rapid histological and fibrotic changes than the 0.03% group and developed lesions from 18 weeks with 100% penetrance. The macroscopic features and histological architecture of the CCA lesions were similar to those induced in the 0.03% TAA group (data not shown). This higher dosage was used for liposomal clodronate macrophage depletion studies (as described in Chapter 4).  
Murine models of TAA liver disease and cholangiocarcinonogenesis  Whilst establishing the rat model of cholangiocarcinogenesis, the effect of TAA administration on mice was investigated. This was undertaken with the aim of identifying the development of CCA lesions and liver fibrosis. Male C57bl6 mice were commenced on 0.03% or 0.06% TAA drinking water. Control mice received water. Animals were sacrificed at 8, 12, 16, 20, 24, 28, 40 and 52 weeks. Slides were analysed for histological evidence of CCA and of liver fibrosis. PSR staining confirmed the formation of bridging, irreversible liver fibrosis from week 24 at 0.06% TAA dosing. This represents a potential new model of irreversible liver fibrosis and is the subject of further investigation within the laboratory. However, at all time points, despite underlying hepatic inflammation and proliferation of progenitor cells, no evidence of intrahepatic CCA was found in mice (Figure 3.13).  
Figure 3.13: TAA administration to mice results in progressive, irreversible  
fibrosis but not CCA 
A 
Male C57bl6 mice were administered 0.03% or 0.06% TAA for up to 52 weeks (n=3 each 
timepoint). Liver fibrosis quantification was undertaken by digital analysis of PSR-staining 
of liver sections.  Each bar represents the mean percentage area of PSR-staining per high 
power field (x200) field from 3 animals. Significantly elevated collagen deposition was 
noted in the 0.06% group from 8 weeks with formation of bridging fibrosis from 24 weeks. 
CCA lesions were not identified. (*p<0.05, t-test). 
PSR Staining: 
x50 x50 
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This study was carried out in conjunction between Dr P Ramachandran, Dr A Pellicoro and myself. 
Dr Pellicoro undertook the image acquisition and Dr Ramachandran performed the data analysis as 
detailed above.   
The notable liver fibrosis that arose following administration of 0.06% TAA.was found to 
be non-reversible upon withdrawal of TAA with persistence of fibrosis (as measured by 
PSR staining digital quantification ) during recovery periods of up to eight weeks. 
(*p<0.05, t-test). 
x50 x50 











IN VITRO CHARACTERISATION OF CHOLANGIOCARCINOMA: 
DEFINING THE FUNCTIONAL ROLE OF THE 
STROMAL:CHOLANGIOCYTE INTERACTION  
 160 
Introduction  Solid organ epithelial cancers arise in the context of inflammation and develop in concert with a progressive desmoplastic reaction of activated cancer-associated fibroblasts, accumulation of inflammatory cells (predominantly tumour associated macrophages) and the deposition of modified extracellular matrix (ECM) components. In the tumour associated ECM, fibrillar collagen types I and III are typically over-represented at the expense of collagen IV (basement membrane) 166. The cancer-promoting role of the stroma in cancer biology has been discussed in the introduction (Chapter 1). Upregulation of collagen elements I and III within the ECM is associated with poorer clinical outcomes in certain malignancies such as the pancreas 166, ovary 498 and lung 165 although this has not been quantified in CCA. In solid organ tumours, the normal production and assembly of the basement membrane is dysregulated during malignant cancer progression with disruption of collagen IV which itself might otherwise provide protective effects in determining the rate of cancer progression 499, 500 Previous studies of human intrahepatic CCA have confirmed a rich distribution of collagen I and collagen III fibrils in CCA lesions 501. Furthermore, we have identified persistence of laminin around the malignant bile ducts throughout the progression from normal to neoplastic tissue.   As described in the introduction (Chapter 1), tumours possess a subpopulation of cancer stem cells (CSCs) that is essential for propagating the lesions. Many organ-restricted adult stem cells and CSC exhibit few classical stem cell markers 352. However, recent studies have identified cancer stem cells based on markers including CD133+ (pancreas 358, colon 359, CNS 360), CD44+ and EpCAM (breast 361, colon 362, pancreas 363). Side population (SP) cells exhibit stem-like characteristics 366 and have been found in normal tissues, as well as primary tumours 365 and cell lines established from tumours as diverse as hepatocellular carcinoma 367, lung cancer 368, nasopharyngeal carcinoma 369, glioblastoma 370, neuroblastoma and breast cancer 365. SP cells possess the ability to efflux Hoechst 33342 dye via ATP-binding cassette (ABC) transporters 364 which have been shown to remove chemotherapeutic agents 
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from CSCs and thus participate in multi-drug resistance and improved cancer cell survival 365.   In this chapter, a characterisation was undertaken of the roles of the stromal elements in CCA together with an assessment of the in vitro evidence for the existence of cancer stem cells in CCA by studying whether CCA cell lines possess stem-cell like compartments, comprising specifically of SP cells. Furthermore, I aimed to elucidate the role of stromal ECM components laminin and collagen types I and IV in the growth of CCA cells. An assessment of the role of cell:cell interactions within the tumour stroma was made by assessing the role of polarised macrophages in cancer cell behaviour.   
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Acquisition of cholangiocarcinoma (CCA) cell lines for experimental use  There are few published studies using in vitro models (cell lines) of CCA. To identify cell lines, the databases of all major international cell line banks (including ATCC, DSMZ, KCLB, JCRB) were interrogated and a literature search was performed. Human cell lines were identified as detailed in the introduction (Chapter 1). Specifically, cell lines were preferred if they were derived from intrahepatic sources from patients prior to chemotherapy and were stored in independent cell line banks. In cases where lines appeared appropriate but were not in a cell line bank, I contacted the principal investigators involved to request their lines. This was unsuccessful.  Through Professor Iredale (JPI), CC-LP-1 and CC-SW-1 lines were obtained from Professor Whiteside, University of Pittsburgh, and TFK-1, HUH-28 and MZ-Cha-1 (WITT) lines were obtained from Professor Alpini, Texas College of Medicine, Temple, USA. I subsequently purchased SNU-245, SNU-1079 and SNU-1196 lines from the Korean National Cell Line Bank (KCLB).  These lines formed the basis of future studies.  
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CCA cell lines contain a resident side population (SP) of cells that efflux 
Hoechst 33342 dye and exhibit stem cell like properties  SP cells represent a subpopulation in tumours that are able to efflux Hoechst 33342 dye. This ability is abrogated by administration of verapamil, which inhibits ABC efflux pumps, and acts as an experimental control. In order to characterise and identify whether a subpopulation of stem-like cells exists within the CCA cell lines, the ability of the cell lines to efflux Hoechst 33342 was assessed. Following exposure to Hoechst 33342 and verapamil controls, the cells were analysed using flow cytometry (gated for viable cells as defined by propidium iodide staining) to identify the side population.  Five out of seven CCA cell lines and one hepatic stellate cell line (LX2) 502 exhibited the presence of a side population. The proportional contributions varied and two out of seven cell lines did not appear to comprise a side population (Figure 4.1).  
 The HUH cell line was chosen for further analysis due to relatively high SP fraction compared to other cell lines. The HUH line was studied for co-expression of CD133+ (a recognised stem cell marker in cancer stem cells) within the SP fraction by treating cells with Hoechst, then washing with HBSS+ and incubating with CD133 antibody or IgG isotype control antibody for one hour followed by flow cytometric analysis. Initial high background binding of IgG1 isotype rendered analysis unsuccessful. Repeated analysis with an alternative isotype, a smaller number of target cells, completely fresh reagents and the addition of extra washes did not identify CD133+ staining in SP cells relative to non-SP cells. The absence of positive control tissue rendered this an incomplete result and thus no firm conclusions may be drawn from this. The study would need to be repeated with a fresh anti-CD133 antibody and positive control cells, such as the human colorectal cancer cell line, CaCo-2, which contains uniformly high levels of CD133+ cells 503. 
 
Figure 4.1: Characterisation of the Side Population (SP) in CCA cell lines 
 Flow cytometry of cell lines treated with Hoechst 33342 and verapamil controls 
identified a fraction of cells that were able to efflux the dye in a characteristic  
fashion.  
HUH cell line displayed 4.11% SP cells in flow cytometry analysis. SP cells are 
identified by reduced blue-red fluorescent dye signal compared to non-SP cells 
stained with Hoechst 33342. 4.11% SP fraction is derived from 4.143% cells in P2 
gate minus 0.033% in P2 gate in verapamil-treated controls.  
HUH cell line with SP fraction highlighted 
in P2 gate 
HUH cell line with SP fraction highlighted in 
P2 gate following verapamil administration 
Cell Line Side Population (SP) Percentage SP 
WITT Y 1.449 
TFK-1 Y 2.208 
HUH-28 Y 4.140 
LP N 0 
SW N 0 
SNU-245 Y 5.200 
SNU-1079 Y 0.600 
SNU-1196 Not tested Not tested 
LX2(HSC line) Y 0.731 
Seven CCA cell lines and one hepatic stellate cell line (LX2) were analysed for the 
presence of the side population. 5/7 CCA lines and LX2 line expressed the SP frac-





Characterising SP cell activity in vitro  HUH cells were treated with Hoechst 33342 and sorted into SP and non-SP fractions. Analysis was made of the proliferative capacity and clonogenicity of these sorted cells, together with the ability of the SP cells to regenerate SP and non-SP progeny.    
Proliferation of SP vs. non-SP cells  SP and non-SP cell in vitro proliferation was measured at serial timepoints following culture for 48 hours and 28 days using MTS assay. Optimal cell number seeding density and MTS incubation time calibrations were performed using unsorted cells (data not shown). Cells were plated in 96 well plates in sextriplicates at high (5000 cells/well) and low (500 cells/well) densities for analysis over 48 hours and 28 days, respectively.   The MTS assay signal absorbance of HUH SP cells (5000 cells/well) was found to be significantly greater with respect to non-SP cells at 24 hours and 48 hours (t-test 
P<0.0005) (Figure 4.2A). However, MTS absorbance of both SP cells and non-SP cells at 48 hours was not significantly greater with respect to their corresponding measurements at 24 hours (SP: P=0.58; non-SP: P=0.39). This suggests that the SP cell fraction displayed higher metabolic activity compared to non-SP cells, rather than actual growth of the cell populations occurring in the first 48 hours after cell sorting.  In the long-term (28 day) assay (500 cells/well), MTS absorbance for both SP and non-SP were similar to each other, with no increase in absorbance from day 3 to day 28 (Figure 4.2B). Morphologically, cells remained small and were poorly adherent to tissue culture well plates. It was concluded that growth of these cells did not occur over the 28-day time period. Despite the most gentle flow cytometer sorting parameters possible, it is likely that this finding reflects the strain put upon the SP and non-SP cells during the Hoechst treatment and cell sorting protocol leading to cell injury. Certainly it has been recognised that exposure of Hoechst-treated cells to 
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ultraviolet lasers reduces their viability by 20% 504 and this pattern of cellular injury may explain their poor proliferation post-sorting.    
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Clonogenicity 
In vitro clonogenic assays were performed to identify whether HUH SP and non-SP cells differed in their abilities to form colonies over eight weeks. SP and non-SP cells were plated at 100, 500, or 1000 cells/well in 6 well plates. No morphological growth changes were noted during this time period in either SP or non-SP populations, at any plating density. Cells remained adherent to tissue culture plastic but did not appear to increase in number. This may have been due to cell trauma incurred during flow cytometry. Alternatively, it is possible that the cell densities plated were too low to support viable growth as it was observed that SP clone formation and proliferation was achieved when plated at 20,000 cells in 25cm2 flasks in a separate experiment investigating the ability of HUH SP and non-SP cells to regenerate (described below).   
Characterisation of SP and non-SP cell progeny: SP cells regenerate both SP 




Figure 4.2: Characterisation of the Side Population (SP) in HUH cell lines  
C: HUH SP cell progeny following re-treatment with Hoechst 33342. SP cells  
produce both SP (3.76%) and non-SP progeny. 
A: SP cells have significantly higher metabolic activity than non-SP cells over 48 hours 









SP cells in CCA express both hepatic and biliary markers Following sorting, SP and non-SP cells were cultured on glass slides and underwent immunohistochemistry for alpha fetoprotein (AFP), characteristically a marker of hepatoblasts and hepatocellular lesions, and CK19, a marker of biliary epithelium. (Figure 4.3). SP cells expressed AFP and CK19 whereas non-SP cells did not express AFP, consistent with biliary fate type specification. This is suggestive of SP cells maintaining a stem cell phenotype in CCA, unlike non-SP cells that are relatively “differentiated” and express only CK19. 
 
 From the outset, initial experimental plans included the aim of identifying a stem cell like population in CCA cell lines, and then investigating whether there was differential expression of Notch pathway components and whether Notch pathway inhibition affected SP and non-SP cell behaviour. However, due to the technical complexities encountered in SP cell sorting and subsequent growth, this was not feasible. Analysis of the effect of pre-incubation of SP cells with Notch pathway inhibitors (γ-secretase inhibitors) or overexpression of the Notch pathway (transfection with Notch Intracellular Domain - NICD) or the effect of repeated administration of Notch pathway inhibitors were not undertaken. Further analysis, such as in vivo studies of tumour forming capacity in in vivo xenograft models, were also impracticable.   
TFK cell line immunocytochemistry: SP cells express AFP (marker of hepatic type 
stem cells) and CK19 (marker of biliary epithelium) whereas non-SP cells do not  
express AFP, consistent with biliary fate type specification.  
Figure 4.3 Expression of AFP and CK19 in SP and Non-SP Cells  
A 
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Unsorted: AFP –ve control  
SP: AFP  Unsorted: AFP 
Non-SP: AFP  
x100 x100 
x100 x100 
CK19 (biliary epithelial marker) is expressed in unsorted, SP and non-SP cells in 
TFK cell line. 
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Unsorted: CK19 –ve control  Non-SP: CK19  




Direct Contact with Extracellular Matrix affects Growth Morphology of CCA 
in vitro  In view of the anatomical distribution of ECM components in CCA, with laminin remaining a consistent presence around malignant bile ducts in invasive CCA, cell lines were cultured on tissue culture plastic (TCP), collagen I (fibrillar collagen upregulated in desmoplasia and fibrosis), collagen IV (basement membrane collagen) and laminin. Morphologically, cell line growth rate appeared more clumped and inhibited (to the eye) on laminin compared to other ECM components and control TCP (Figure 4.4).   
 
Figure 4.4: Morphologic Growth Characteristics of TFK and WITT cell lines 
on ECM Components  
 
WITT and TFK1 CCA cell lines demonstrate morphologically different growth patterns and growth 
rate on laminin compared to tissue culture plastic, (TCP) collagen I and collagen IV.  
WITT: TCP 
WITT: Collagen I 
WITT: Collagen IV 
TFK1: TCP 
TFK1: Collagen I 








CCA growth rate is inhibited on 3H-thymidine DNA incorporation analysis   3H-thymidine DNA incorporation assay was used to quantify the effect of ECM components on tumour cell proliferation. CCA cell lines (SW, LP, WITT) were plated on TCP, collagen I, collagen IV and laminin 96 well plates at a seeding density of 5,000 cells per well for 24 hours. 3H-thymidine was then added to cells, which were incubated for a further 16 hours. Cellular proliferation on ECM components was expressed relative to control TCP (as measured by 3H-thymidine DNA incorporation).   Initial extremely variable experimental results were identified as being due to incomplete collection of cultured cell line DNA by the semi-automated harvester (which is designed to collect DNA from non-adherent cells in round-bottomed plates). The assay was optimised for adherent cells on 96-well flat-bottomed plates by trypsining the cells and then freezing and defrosting the plates prior to harvest, which enabled complete uptake of material by the harvester device.   The behaviour of the three cell types was broadly similar but the magnitude effect of matrix components appeared to depend in part on the cancer cell line as well as the ECM components themselves. Collagen I and particularly collagen IV significantly upregulated growth. In contrast, laminin effected moderate upregulation, had no effect, or inhibited growth in vitro dependent on the cell line (Figure 4.5A).   
 
ECM Components do not affect cisplatin chemosensitivity of CCA cell lines 
 In view of the different growth morphologies and growth rates of CCA cell lines on the ECM components, the effect of chemotherapy was studied. Two cell lines (s1079 and s1196, with similar morphological changes on the ECM components as Figure 4.4 (data not shown) were cultured in sextuplicate at 5,000 cells/well in 96 well plates on collagen I, collagen IV, laminin, TCP or wells coated with poly-D-lysine (synthetic positively-charged amino acid that increases electrostatic cell binding to 
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surfaces). Cells were grown for up to 96 hours and treated concurrently with cisplatin.   When considering s1079 cell line, two way ANOVA with post-hoc Bonferroni testing identified no significant differences between ECM growth conditions for each chemotherapeutic dose (p>0.05 for each dose-condition). For s1196 cell line, although an overall apparent effect of matrix conditions was identified on two way ANOVA (p<0.001), post-hoc Bonferroni testing identified no consistent dose-matrix effect. For example, apparent significant differences (p<0.05) arose between TCP and Collagen I at 20µM and 320µM and Laminin at 320µM but not intervening doses or compared to other conditions. Accordingly, it was considered that no experimentally significant result was demonstrated. (Figure 4.5B). 
Figure 4.5: ECM growth: Laminin inhibits growth rate but does not affect 
chemosensitivity in vitro 
Collagen I and IV promoted cancer cell line growth with variable magnitude dependent 
on cell type. Laminin promoted proliferation of LP cell line, but inhibited SW and oval 
cell growth, whilst having no effect on WITT.  
 
For each cell line, all data points in the chart are significantly different to control TCP (p<0.05) 
except for WITT growth on laminin where p=NS compared to TCP (ANOVA).  



































CCA cell lines (s1079 and s1196) were cultured on TCP, poly-lD-lysine (promotes 
binding of cells), collagen I, collagen IV and laminin. Cells were treated with cisplatin 
for up to 96 hours.  
 
When considering s1079 cell line, two way ANOVA with post-hoc Bonferroni testing identified no sig-
nificant differences between ECM growth conditions for each chemotherapeutic dose (p>0.05 for each 
dose-condition). For s1196 cell line, although an overall apparent effect of matrix conditions was identi-
fied on two way ANOVA (p<0.001), post-hoc Bonferroni testing identified no consistent dose-matrix 
effect. For example, apparent significant differences (p<0.05) arose between TCP and Collagen I at 
20µM and 320µM and Laminin at 320µM but not intervening doses or compared to other conditions. 
Accordingly, it was considered that no experimentally significant result was demonstrated. 
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In vitro Soluble factor signalling: Bidirectional signalling exists between CCA 
cell lines and fibroblasts  To study further the potential effects of the microenvironment in CCA, an investigation was undertaken to identify potential soluble cell-derived factors mediating a relationship between CCA cell lines and myofibroblasts. Optimal cell number, seeding density and MTS incubation time calibrations were performed using cell lines (data not shown). Optimisation of the conditioned media protocol was subsequently undertaken as described in Figure 4.6.   Conditioned media (CM) was generated from tumour cell lines (LP, SW) and LX2 cells (hepatic stellate cell myofibroblast line) as described in the Methods (Chapter 2). LP, SW and LX2 cells were then cultured for 24 hours in sextuplet in 96 well plates at a starting density of 20,000 cells per well in FCS-free CM generated from LX2 cells and from the tumour cell lines themselves. The MTS assay was used to measure cellular proliferation. Proliferation of cell lines in CM was measured relative to 15% FBS and 0% FBS unconditioned media. Paracrine and autocrine growth-promoting effects on tumour cell line growth and LX2 cells were identified. Conditioned media from the LP, SW and LX2 cells significantly increased LX2 cell proliferation when compared to serum free (0% FBS) unconditioned media. Additionally, a significant increase in proliferation was observed, compared to serum free (0% FBS) unconditioned media, when LP cells were grown with CM from LP and LX2 cells, and SW cells were grown with LX2 cell CM (Figure 4.7A,B). The autocrine effect in CCA cells was only identified in the LP cell line but not SW line. The SW cell line was very slow growing and 24 hours may not have allowed for proliferation changes to be seen. The assay was continued to 48 hours in order to allow for this, but at 48 hours cellular proliferation was reduced in all cell lines, likely representing exhaustion of other factors necessary for growth in the 0% FBS media. 
 To confirm that cells cultured in CM did not undergo apoptosis or necrosis in response to soluble factors in CM and that observed changes in MTS levels were a 
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result of changes in proliferation, LDH cytotoxicity assays were performed in parallel to determine evidence for cell death. Cell death in the CM samples, as measured by LDH levels in the cell culture supernatants, was significantly lower than the positive control samples (addition of triton X resulting in cell death), and there was no significant difference when FCS-free control media was used (Figure 4.7C).   
Figure 4.6: Optimisation of the conditioned media (CM) transfer protocol  
 
Comparison was made of the effect of 0% and 0.5% FBS CM at “100%” concentra-
tion or “50%” concentration, and the replenishment of fresh L-glutamine to CM.  
“100%” CM was generated by culturing 7ml 0% or 0.5% FBS media with subcon-
fluent conditioning cells per T75 flask. Conversely, “50%” CM was generated from 
14ml media in subconfluent T75 flasks. LX2 and LP cell CM was transferred onto 
LP cells (LX2 cell data not shown). No significant difference was found between the 0% 
FBS and 0.5% FBS CM, as shown below. In a proportion of the “100%” CM trans-
fers (*) there was a significant increase in growth when compared to the “50%”CM. 
Therefore “100%” CM was used in subsequent experiments.  
 
* = P<0.05, when compared to [50%] CM of the same type (t-test).  
 
Control LX2 CM LP CM 






















Control media Conditioned media 
L-glutamine is recognised as a rapidly exhausted component of cell culture media, 
with a short half life. LP cells were cultured in LX2 and LP cell 0% FBS CM. 
(Similarly, LX2 and SW cells were cultured in LX2 and SW CM - data not shown here). Compari-
son of the effect of replenishing 1% L-glutamine to 0% FBS CM was made. Cells 
cultured in CM with replenished L-Glutamine demonstrated either a trend increase 
(LX2) or a significant increase (LP) in growth compared to the unreplenished CM. 
Therefore L-Glutamine was added to the conditioned media in subsequent experi-
ments.  
 




Figure 4.7: Paracrine and autocrine soluble factors promote cellular  
proliferation in an in vitro model of the CCA:myofibroblast microenvironment 
LP and SW CCA cell lines were cultured for 24 hours in CM from “paracrine” 
hepatic stellate cell (LX2) and “autocrine” CCA cell lines (SW, LP). This resulted 
in increased proliferation of CCA cell lines (MTS assay).  
* = P<0.05 (relative to 0% FBS media control), ANOVA. [CM= conditioned media] 
Hepatic stellate cells (LX2) were cultured for 24 hours in CM from “autocrine” 
LX2 and “paracrine” CCA cell lines (SW, LP). This resulted in significantly  
increased proliferation (MTS assay). 
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SW Cell line 
Analysis of cell death on the supernatant following CM transfer: LDH assay was 
performed on supernatant from the LX2, LP and SW cells following culture in LX2, 
LP and SW cell 0% FBS CM. MTS values for all the CM supernatants were signifi-
cantly lower than the positive control (Triton X causing cell death).  
 
* = P<0.05, when compared to the positive control (ANOVA). 
LP Cell line 































































in vitro Direct cell:cell interaction  - The effect of direct co-culture with human 
primary macrophages   In order to identify whether a functional relationship exists between CCA cells and tumour-associated macrophages, a direct co-culture system was devised consisting of human primary macrophages that were either M1 (classically) or M2 (alternatively) polarised co-cultured with CCA cell lines. M2 polarisation represents the tumour-associated macrophage phenotype, as described in the introduction (Chapter 1).  Two methods of in vitro macrophage polarisation were used and adapted for the purpose of the model – the plastic adherence and the negative selection protocols. Using the plastic adherence macrophage maturation protocol, peripheral blood monocytes (2x106) were plated in 24 well plates and allowed to mature into macrophages for six days. Following this, they were M1/classically (LPS/IFNg) and M2/alternatively (IL4/IL13) activated and then co-cultured for 24 hours with LP CCA cell lines (15x103 per well). Experiments were performed in triplicate and cells were stained with Celltracker fluorescent dye to enable discrimination between macrophages and cancer cells (Figure 4.8).   Cell counting of 20 x320 magnification sequential fields per well was carried out to quantify CCA cell number and phagocytosed CCA cell debris within macrophages. CCA cell proliferation was significantly greater when cultured with M2 macrophages compared to non-polarised/naïve macrophages (P=0.028) and trended to be greater than M1 polarised macrophages (P=NS). Conversely, in co-culture with CCA cells, M1 macrophages displayed significantly greater phagocytic behaviour than M2 polarised or non-polarised/naïve macrophages (P<0.05) (Figure 4.9).  
 I then modified the plastic adherence protocol of macrophage maturation and polarisation to the negative selection protocol to produce a more purified phenotype of macrophage polarisation (Figure 4.10A). To assess the purity of cells generated by this technique, flow cytometry of purified cells was undertaken and confirmed that greater than 90% of viable cells were CD14+ monocytes (Figure 4.10B).  These 
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cells were matured in Teflon pots and polarised with M-CSF or GM-CSF for seven days. qPCR was performed on cultured cells to test macrophage polarisation (Figure 












































































































































Figure 4.8: Schematic representation of in vitro co-culture model for  
macrophages and CCA cells  
 
Polarisation to M1 or M2 phenotypes was performed following maturation of macrophages 
for six days. Macrophages were generated through either plastic adherence or negative se-
lection protocols as described. Fluorescent microscopy was undertaken with merged im-











At 24 hours, CCA cell line growth trends to be greater when co-cultured with M2 
alternatively activated MΦs than M1 classical MΦs (P=NS, t-test)  
 
 
Figure 4.9: In vitro co-culture of M1 and M2 polarised human macrophages 















































































































In co-culture with CCA cells, phagocytosis of tumour cells and debris is significantly 
greater by M1 MΦs. In CCA co-culture, phagocytosis of tumour cells and debris  
appear significantly reduced in M2 MΦs (*p<0.05, t-test). 
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M1 co-culture M2 co-culture 
MΦ CCA MΦ CCA 
M1 MΦ/CCA and M2 MΦ/CCA cell line co-cultures. CCA cells grow in larger 
clumps and display less phagocytic attack when cultured with M2 MΦs.  
D 
MΦ CCA 
Illustrative photomicrograph of M1 MΦ and CCA cell line co-culture. Phagocytosed 








CD14+ cells (monocytes) 







Negative selection  
micro-beads 
Figure 4.10: Development and validation of negative selection tool for  
macrophage polarisation 
Human blood was purified using Percoll gradients to yield PBMCs that were then 
passed through negative selection columns (magnetic activated cell sorting - MACS) 
to enrich for CD14+ cells (monocytes). These cells were then cultured for 7 days in 
Teflon pots with polarising media: GM-CSF media for M1 macrophages and M-CSF 
media for M2 macrophages. 
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Cells obtained from MACS column were incubated overnight in Teflon pots with 
either 10%FCS RPMI (Panels A and C) or 10% FCS RPMI with additional M-CSF 
(Panels B and D) and then analysed by flow cytometry (two biological replicates 
and three technical replicates).  
Panels A and B: Gates were set around viable cells, lymphocyte and monocyte 
subpopulations based on their scatter characteristics.  
 
Panels C and D: Only viable cells were displayed. This enabled comparison of  
proportions of lymphocyte and monocyte subpopulations based on scatter character-
istics. 79.7% and 81.9% of viable cells in the two analysed sample groups had the 

























































Panels E and F: Cells were gated to display only viable cells: showing CD14 stain-
ing of both lymphocytes(lower quadrants) and monocytes (upper quadrants). This 
demonstrates that 80.3% and 82.9% of viable cells were CD14+. 
 
Panels G and H: Gated to display only viable cells: showing unstained control used 
to place the quadrants to define CD14 +ve cells. 
The same cell samples were analysed for CD14+ expression. The cells obtained 
from MACS column were incubated overnight in Teflon pots with either 10%FCS 
RPMI (Panels E and G) or 10% FCS RPMI with additional M-CSF (Panels F and 
H) and then analysed by flow cytometry.  
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M1 polarisation by GM-CSF and M2 polarisation of macrophages by M-CSF was 
confirmed by qPCR for IL-10 in the two macrophage populations. IL-10 expression 
was low in M1 macrophages and high in M2 polarised macrophages (triplicates). 
Macrophages generated by the sorting protocol express appropriate receptors: 
CSFR1 (M-CSF receptor), CSFR2a and CSFR2b (GM-CSF receptors), which are 
determining features of macrophage populations. CCA cell lines (S-1079, S-1196 
and S245) do not express these receptors. Human solid organ CCA specimen shows 
expression of receptors in the tissue, consistent with a multi-cellular stroma that in-











































































































































M-CSF and GM-CSF do not affect in vitro cell proliferation of CCA cell lines   
(S-1196, S-1079), as measured by MTT assay (sextuplets). Cells were cultured in 
0%, 1% and 10% FCS IMDM with and without supplemental M-CSF or GM-CSF. 
There were  variable effects on proliferation in 1% and 10% FCS compared to 0% 
FCS IMDM. However, there was no significant difference in proliferation of cells 





Liposomal Clodronate depletes macrophage in vivo but is not feasible in the rat 
model of CCA  To test the validity of in vitro findings that M2 macrophages promote tumour progression and are associated with reduced tumour cell phagocytosis than M1 macrophages, macrophage depletion in vivo was developed to assess the role of CCA tumour-associated macrophages in controlling the phenotype of tumours. Furthermore, we aimed to address whether altering the stem cell niche (by depleting macrophages) during the premalignant, cholangiocarcinogenesis phase would delay the onset of CCA lesions.   Liposomal clodronate comprises the bisphosphonate drug clondronate encapsulated within lipid vesicles 505. These vesicles are phagocytosed by macrophages and, once an intracellular concentration threshold is achieved, macrophage apoptosis occurs 488. Liposomal clodronate was tested in the rat as a mechanism of macrophage depletion. The dosing regime and frequency was established by intravenous administration of liposomal clodronate 4-6 µL/g body weight with repeat dosing at 5 and 7 days. This resulted in complete depletion of ED2/CD163 macrophages and 60% depletion of ED1/CD68 macrophages. A dosing regime of 5 µL/g every 7 days was selected.   
Figure 4.11  It was planned to treat rats with 0.06% TAA for 24 weeks with commencement of intravenous dosing of liposomal clodronate at week 12 and continued treatment for a further 12 weeks. This proved impractical and so was not completed.  








4 or 6 ul/g 
n=1 each point 
TAA MΦ depletion - liposomal clodronate Outcomes: Tumour incidence 
Stromal Components 
Figure 4.11 Optimisation and validation of liposomal clodronate administration 
to rats  
 
Liposomal clodronate dose calibration and assessment of the effect on liver MΦ 
depletion was performed. Rats were treated with 4µl/g or 6µl/g body weight intrave-
nous liposomal clodronate or control intravenous PBS.  Animals were culled 1, 3, 5, 
and 7 days after injection to assess duration of MΦ depletion. The effect of repeat 
dosing was also checked with rats that received a repeat dose of liposomal clodro-
nate either 5 or 7 days apart. 
To deplete macrophages in the pre-malignant stem cell niche and within CCA le-
sions, the experimental intention was to use the TAA model to induce CCA and, 
from 12 weeks, administer liposomal clodronate for up to a further twelve weeks 




Liver – Lip Clod 
Spleen - PBS Spleen – Lip Clod  
Liver - PBS 
Lipsomal clodronate almost completely depleted ED2/CD163 MΦ (resident 
kuppffer cells and mature MΦ) in adult rats at both 4µl/g or 6µl/g dosing. The effect 
is complete by 3 days after administration and is preserved on repeated dosing: 
 
Paraffin-embedded sections of liver and spleen from treated rats were stained for 
ED2/CD163 immunoreactivity and cell counts were made of 40 sequential fields of 
the stained rat liver sections.  
40 x320 sequential field cell counting of ED2 stained rat liver sections. Almost total 
depletion for all time points, at both doses, including repeated dosing 7 days apart: 
4 µl/g  6 µl/g PBS 





Liposomal clodronate depletes 60% of ED1/CD68 MΦ (migrating MΦ and mono-
cytes) in adult rats at both 4µl/g or 6µl/g dosing. Maximal effect is complete by 3 
days after administration and is preserved but not augmented by repeated dosing: 
 
Paraffin-embedded sections of liver and spleen from treated rats were stained for 
ED1/CD68 immunoreactivity and cell counts were made of 40 sequential fields of 
the stained rat liver sections.  
Liver - PBS 
Spleen - PBS 
Liver – Lip Clod 
Spleen – Lip Clod  
Forty x320 magnification sequential field cell counting of ED1-stained rat liver sections. Approxi-
mately 50% depletion for all time points including repeated dosing 5 and 7 days apart: 
Days after administration 
4 µl/g 
 






Discussion  In vitro, the majority of CCA cell lines possess SP cells, which are known to have stem cell like properties. We were unable to propagate these quantitatively, presumably due to the harshness of the protocol that rendered cells difficult to grow after cell sorting. However, CCA SP cells generated both SP and non-SP cells, and expressed markers (CK19 and AFP) consisted with maintenance of the non-differentiated state, unlike non-SP cells that expressed only CK19. The role of stromal ECM components in regulating proliferation of HSCs and CCA was also investigated. ECM components induce characteristic cell proliferation patterns with enhancement of growth of cancer cells on collagen I and IV, but reduced growth on laminin (the ECM component that ensheathes CCA cells in vivo). However, no in 
vitro evidence of variable cell sensitivity to chemotherapy was identified. There was no protective effect of ECM components on chemosensitivity in vitro. Stromal cell:CCA interactions were studied and we found evidence for soluble factor bidirectional interaction between CCA cells and hepatic stellate cells, together with autocrine stimulation of CCA growth. Macrophage polarisation appears to play a role in CCA tumour progression with M2 polarised macrophages appearing to both enhance cell proliferation and be associated with an in vitro environment in which cell phagocytosis is reduced compared to M1 macrophages. Typically, M2 macrophages phagocytose cell debris whilst M1 macrophages mediate a cytotoxic effect on target cells. In this instance, it appears that the M2-polarised in vitro tumour microenvironment creates a more permissive environment for CCA cell proliferation which results in less debris available for M2 macrophages to phagocytose. Separately, an optimised form of macrophage:CCA co-culture system was developed and validated which shows experimental promise.  When considering strategies for in vivo depletion of stromal cells, the fungal metabolite gliotoxin, a member of the epipolythiodioxopiperazine family, induced apoptosis of myofibroblasts. Gliotoxin administration has been shown to destroy hepatic stellate cells and reduce liver fibrosis 506. However, gliotoxin has pleiotropic effects on inducing hepatocyte apoptosis (albeit at non-clinical levels during in vivo 
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experiments) and inhibiting the immune system (reviewed in 507.) Consequently, it was deemed an inappropriate tool for use with concurrent TAA cholangiocarcinogenesis. Recently, a more targeted form of gliotoxin has been developed whereby gliotoxin is conjugated to mannose-6-phosphate-modified human serum albumin (GTX-M6P-HSA) which accumulates selectively in liver fibrogenic cells 507. The targeted gliotoxin shows promise in inhibiting hepatic myofibroblasts with significantly reduced off-target effects and may have been an appropriate alternative myofibroblast depletion tool in this series of studies.   An alternative in vivo macrophage depletion strategy to liposomal clodronate was considered: administration of anti c-fms neutralising antibody. This would entail regular dosing of blocking antibody against the receptor of macrophage colony-stimulating factor (CSF-1), which is a type III integral membrane protein tyrosine kinase encoded by the c-fms protooncogene (csf1r). This receptor is expressed exclusively on mononuclear phagocytes and results in profound macrophage depletion 508. However, this was deemed impractical due to the significantly larger quantities of antibody that would be required from collaborators for rat as opposed to mouse dosing and so was not pursued.  When considering chemotherapeutic treatments for the in vitro chemosensitivity assays, cisplatin, 5-Fluorouracil (5-FU) and gemcitabine represented the most cogent choice of agents to study. Cisplatin is a platinum-based alkylating agent that binds to genomic DNA in nuclei with three main effects: the DNA is fragmented by repair enzymes, DNA is directly damaged by the formation of cross-links, and mispairing of the DNA nucleotides occurs which leads to mutations 509. These effects lead to disrupted transcriptional events, including apoptosis. 5-FU is a pyrimidine analogue that is an antineoplastic antimetabolite. It interferes with DNA synthesis by blocking the thymidylate synthetase conversion of deoxyuridylic acid to thymidylic acid and hence inhibits cellular proliferation 509, 510. Cisplatin was chosen for in vitro treatment of CCA cell lines in this experiment as, although 5-FU is currently being investigated by the BILCAP trial (surgery alone versus surgery with adjuvant capecitabine – oral 5-FU), cisplatin is recognised as having a higher cancer cell toxicity profile. 
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HAEMATOPOIETIC BUT NOT MESENCHYMAL STEM CELLS 
CONTRIBUTE TO THE MICROENVIRONMENT IN SOLID ORGAN 
TUMOURS AND DO NOT DIFFERENTIATE INTO EPITHELIAL CELLS 
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Introduction  Solid organ tumours such as CCA are typified by malignant cancer cells surrounded by a pronounced micro-environment of inflammatory cells such as cancer-associated fibroblasts (CAFs), tumour-associated macrophages (TAMs), immune cells (neutrophils, dendritic cells) and neovasculature embedded in a modified extracellular matrix with a preponderance of fibrillar collagens 1 and 3 159. This specialised microenvironment bears a striking similarity to the periportal regenerative niche that exists in the context of chronic liver injury 347. The vast majority of CCAs are moderately differentiated adenocarcinomas (90%)12 and intrahepatic CCA is characterised by the presence of an extensive tumour stroma147.   A contribution of bone marrow (BM) derived cells to fibrosis has been found to occur in chronic injury in several organs 226, 315. The migration of BM-derived cells into tumours is also described 317, 318, with the proportion of CAFs being variable across a range of models of solid-organ malignancies. Cancer-associated fibroblasts were reported as contributing 25% of stromal populations in a murine model of pancreatic cancer 228 and up to 30% in xenogeneic tumour engraftment models 320.  It has been suggested that BM-derived stem cells may contribute to the malignant epithelial cell component of tumours, possibly by repopulating depleted stem cell niches. In an elegant murine model of gastric cancer (H. felis chronic infection), Houghton 333 demonstrated that BM-derived mesenchymal stem cells (MSC) could repopulate gastric epithelial stem cell niches and subsequently give rise to gastric cancer with almost 100% of malignant cells appearing to be BM-derived. This group also demonstrated that aged BM-derived MSCs (generated by prolonged culture in 
vitro) give rise to fibrosarcomas when administered to mice in vivo 334. Whether this represents a general principle is as yet unclear. Some groups have reported similar findings 335 but others have been unable to replicate the principle of the study in alternative models 336.   
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Here we investigate the contribution of BM-derived cells to both the tumour associated stroma and the epithelial component in the TAA rat model of intrahepatic CCA. We demonstrate that tumour-associated cells of the haematopoietic lineage (monocytes, macrophages, neutrophils) are overwhelmingly derived from the BM. In contrast, cells from the mesenchymal lineage (activated myofibroblasts and fibroblasts), despite being a major component of the tumour burden, do not derive from BM sources. Furthermore, we were unable to identify evidence to support the principle of either BM-derived mesenchymal or haematopoeitic stem cell contribution to the epithelial component of tumours. These findings were corroborated in spontaneous breast, skin and colon tumours found in, lethally irradiated and reconstituted but otherwise untreated chimeric rats.  Sex mismatched adoptive transfer of wild type (wt) BM into wt recipients and enhanced green fluorescent protein (EGFP+) transgenic BM into wt recipients allowed two independent methods to be used for tracking transplanted BM-derived cells following treatment with TAA to induce CCA. Adoptive transfer of sex-mismatched wt BM into wt recipients. enabled tracking using the sex determining region Y (SRY) component of the Y Chromosome in transplant recipients. In parallel, immunohistochemistry for EGFP enabled independent tracking of EGFP-expressing cells in wt recipients of EGFP+ transgenic BM.   Due to the relatively long TAA treatment periods required to induce CCA, a number of simultaneous studies were embarked upon following rederivation of EGFP+ transgenic rats from frozen embryos kindly provided by Professor Okabe. These included pilot studies to confirm whether EGFP+ BM was stably expressed following adoptive transfer and studies to verify whether both the haematopoietic and mesenchymal components of the BM fraction were transplanted and functionally propagated. Concurrently, adoptive transfer of EGFP+ sex-mismatched BM into male rats was performed followed by tumour induction. In addition, in case EGFP expression was silenced, rendering transplanted cells unidentifiable, adoptive transfer of wt male BM into wt female was undertaken followed by TAA exposure.  
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Following establishment of CCA lesions in experimental chimeras, cell tracking was undertaken. 
 A summary of the BM transplants and acquisition timepoints that were undertaken is listed (Table 5.1). These are described in more detail below.  
Table 5.1: BM transplants undertaken in experimental series   
Male wt to Female wt Male EGFP to Male wt Female EGFP to Male wt 
Time TAA Control Time TAA Control Time TAA 18wks 6 2 12wks 6 3 12wks 6 32wks 6 3 26wks 6 3 26wks 6 52wks 6 3 32wks 6 3 32wks 6 
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Quantifiable detection of SRY in SD rats 
 In order to quantify the degree of chimerism in sex-mismatched BM transplant recipients, qPCR primers were designed (as described in the Chapter 2: Methods) for the rat Y chromosome (SRY). The primers were selected to identify a homologous region across the six copies of the SRY gene in rat (SRY1, SRY2, SRY3, SRY3B, SRY3B1, SRY3C). The efficiency of SRY qPCR in multiplex was ascertained to be greater than 90% with good correlation with GAPDH gDNA endogenous control. Multiplexing did not affect the efficiency of the qPCR assay (Figure 5.1A and 5.1B).   To quantify the contribution of male cells in male to female BM transplants a standard curve was produced using qPCR of serial dilutions of genomic DNA using control male BM and control female BM of Sprague Dawley (SD) rats. Five-fold dilutions were made from 100% male, to 20%, 4%, 0.8%, 0.16%, 0.032%, 0.0064%, 0.00128% and eventually 0% male (100% female). The SRY:GAPDH ratio for each sample was ascertained by multiplex qPCR. The equation describing the resulting curve was then used to derive the proportion of male cell contribution per experimental sample in transplanted animals (Figure 5.1C).  
A: Efficiency of SRY and GAPDH multiplex PCR of genomic DNA. R2 > 90% for both SRY and 
GAPDH slopes, confirming >90% efficiency, non-saturability of the primers in multiplex, and good 




C:  Serial dilutions of male into female BM (x axis) with calculation of SRY:GAPDH ratio for each 
sample by qPCR. The equation describing the curve was then used to derive the proportion of male 
cell contribution per experimental sample in transplanted animals.  
B: Rat SRY genomic DNA alignment of the six copies on the Y chromosome  
SRY1 (AY157669), SRY2 (AY157670), SRY3 (AY157672), SRY3B (AY157996), SRY3B1 





Figure 5.1: Quantifiable detection of SRY in SD rats  
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Adoptive transfer protocol establishes chimeras with persistent EGFP 
expression  The irradiation regime for adoptive transfer of BM in SD rats was derived from the literature 487, 511, 512. Home Office regulations do not provide for dose testing protocols outwith specifically permitted schedules. Consequently, it was necessary to ascertain that adoptive transfer resulted in functional cellular adoptive transfer rather than endogenous repopulation from the recipients’ BM. Furthermore, reports have suggested variable occurrence of GFP silencing following adoptive transfer in inbred syngeneic murine studies 513, 514. As the TAA cholangiocarcinogenesis protocol utilises SD rats, which are outbred, it was necessary to determine whether EGFP silencing occurred. Consequently, the origin of BM reconstitution (whether donor derived or endogenous cellular repopulation) and assessment of the stability of EGFP expression following adoptive transfer was studied.   The EGFP+ transgenic SD rats were a kind gift of Prof Okabe (Osaka)486, 487. The colony of EGFP+ SD rats was rederived from frozen embryos in the Edinburgh University BRR. These rats ubiquitously express enhanced GFP under control of the cytomegalovirus enhancer and the chicken ß-actin promoter.   In a control experiment, chimerism was measured over time in female recipients of male EGFP+ BM. In order to investigate silencing and the timeframe for cellular regeneration, adult female SD rats underwent adoptive transfer of male EGFP+ BM as detailed in Figure 5.2A. The transplanted male BM was additionally stained with CellTracker DiD to enable independent flow cytometry detection of “red” stained BM if EGFP+ signal was immediately undetectable or silenced upon injection. Bone marrow, spleen and blood samples were obtained 5 minutes, 18 hours, 7 weeks and 14 weeks after adoptive transfer. The duration of DiD staining would enable detection of cells in the 5 minutes and 18 hour samples. Successful stable transplantation of male EGFP+ BM into wt female rats was confirmed in BM, spleen and blood as identified by flow cytometry and qPCR for genomic DNA. Additionally, to determine the persistence of expression of EGFP+ BM during 
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induction of CCA, female wt SD rats that underwent adoptive transfer with male EGFP+ BM were commenced on TAA after 10 weeks recovery. These were harvested after a total of 42 weeks (10 weeks recovery, 32 weeks TAA) Figure 5.2B.   Eighteen hours post BM transplantation, only 1.95% (BM), 2.17% (spleen) and 1.93% (blood) were transplanted male cells as measured by qPCR for SRY (Figure 
5.2C). Flow cytometry was performed and cells of interest were considered to be DiD+EGFP+, DiD+EGFP- or DiD-EGFP-. No transplanted cells were detected on flow cytometry for EGFP+ expression and only a very small number were found on flow cytometry for DiD cell staining (data not shown). It is likely that a large number of transplanted cells were cleared via the lungs (and liver and kidney) following intravenous administration and hence were not detected by flow cytometry.   Seven weeks following adoptive transfer, only two of the three transplanted rats expressed SRY in BM and splenic tissue (blood not tested) (Figure 5.2D). These two rats possessed EGFP+ cell populations on flow cytometry (A representative example of EGFP flow cytometry analysis is shown in Figure 5.3D panels B and C that demonstrates chimerism of lymphocyte and granulocyte subpopulations). The rat that did not express SRY on qPCR also did not express EGFP+ cells on flow cytometry. This indicated that the irradiation and BM transplant protocol successfully achieved chimerism for transplanted BM, but that it was also possible for a subset of individuals to reconstitute their BM from endogenous sources. There was no evidence for silencing of EGFP+ transplanted cells, which would have been evidenced by EGFP- SRY+ chimeras. These findings were similar at 14 weeks where chimerism for transplanted BM comprised 100%, 63.95% and 58.80% male cells in BM, spleen and blood respectively as measured by qPCR (Figure 5.2E). When considering the timecourse of reconstitution, the plateau of chimerism was maximal by 7 weeks following adoptive transfer (Figure 5.2F). Two of the three female wt rats were found to be chimeric for male EGFP+ (qPCR and flow cytometry of BM, spleen and blood). The third rat had endogenously repopulated, as identified by the observation that BM, spleen and blood were EGFP- SRY-.   
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It was then confirmed that cellular expression of EGFP by the EGFP+ chimeras was persistent and unaffected by the TAA treatment schedule. Forty-two weeks after adoptive transfer (10 weeks recovery and 32 weeks 0.03% TAA administration), of the two rats that received this schedule, one was EGFP+ SRY+ whilst the other was EGFP- SRY- (Figure 5.2G).  In view of the timeframes necessary for rederivation of the EGFP+ SD rat colony and the possibility of EGFP silencing following transplantation rendering donor cells unidentifiable, it was decided to pursue concurrently the feasibility of male wt to female wt BM adoptive transfers, using SRY expression to identify donated cells. Female rats underwent adoptive transfer with male wt BM and were treated with oral TAA for 18, 32 and 52 weeks (n=6 TAA and n=3 water controls at each timepoint). To confirm that BM reconstitution was successful (and functional) in male to female sex-mismatch transplants, cells from whole BM, sorted lymphocytes and granulocytes (CD11b+ and CD45+ staining) and spleen were collected by Fluorescence-activated cell sorting (FACS). The intention was to then undertake qPCR for SRY on the male to wt female chimeras to identify the proportion of cells that were male donor-derived. These samples were collected whilst the EGFP+ protocol was being developed but there was no requirement to analyse them in further detail as the EGFP+ transplant chimera system was successful, demonstrating success of the protocol. The BM of all male to female wt chimeras was tested for SRY (qPCR) to exclude individuals that had reconstituted from endogenous cell sources rather than from donor BM.   
Determination of whether EGFP was stably expressed following adoptive transfer 
to outbred wt SD rats.  
 
Male EGFP BM was stained with DiD (“red” on flow cytometry) and transplanted into female wt 
recipients. Subjects were harvested at serial timepoints and flow cytometry for EGFP with DiD and 
qPCR for SRY were performed.  
Determination of persistence of EGFP stable expression in the context of 0.03% TAA 
administration.  
 























Figure 5.2: Adoptive transfer protocol establishes chimeras with persistent 




Eighteen hours after adoptive transfer, no EGFP signal was identified on flow cy-
tometry. qPCR for SRY identified a mean of 1.95% (in BM), 2.17% (spleen, SP) 
and 1.93% (blood, BL)  transplanted male cells comprising the cellular fraction in 
the three subjects. (Five minute data not shown).  
C 
Seven weeks after adoptive transfer, there was a positive relationship between SRY 
expression and EGFP patterns. Rats 2 and 3 demonstrated SRY expression as de-
tailed below. Furthermore, rats 2 and 3 also possessed high EGFP chimerism on 
flow cytometry. (An example of flow cytometry analysis is shown in Figure 5.3D). 
Conversely, rat 1 displayed no EGFP or SRY expression. The absence of SRY indi-
cates endogenous repopulation rather than EGFP silencing and exogenous reconsti-









Fourteen weeks after adoptive transfer, there was a positive relationship between 
SRY expression and EGFP patterns with apparent maximal reconstitution by 7 
weeks since the proportional contributions did not increase significantly at week 14. 
At 14 weeks,rats 1 and 2 (but not rat 3) demonstrated both EGFP expression and 
SRY expression. 
E 
The plateau of maximal reconstitution was reached by 7 weeks.  
 






After 32 weeks of  0.03% TAA, EGFP expression was maintained. Rat 1 expressed 
both EGFP on flow cytometry and SRY on qPCR in BM and spleen. Rat 2  
expressed neither EGFP or SRY, consistent with endogenous reconstitution in this 




Stable chimerism of haematopoietic stem cell compartments in recipient rats 
following administration of TAA  Adoptive transfer of male and female EGFP+ BM into male wt recipients was followed 10 weeks later by TAA administration. The EGFP+ chimeras were then serially harvested after 14, 26 and 38 weeks of TAA administration. Transplants comprised n=6 male EGFP to male wt and n=6 female EGFP to male wt recipients at each timepoint (Figure 5.3A). The contribution of donor EGFP-BM to haematopoietic tissues of recipients was determined by flow cytometry. Data were acquired and analysed on a FACSAria cell sorter using Diva Software (Becton Dickinson). Forward and side scatter characteristics were used to apply an electronic gate before acquisition of data and sorting to exclude red cells, dead cells and debris. Acquired data were analysed for the contribution of EGFP+ cells to BM, spleen and blood in wt recipients. Persistent EGFP chimerism was observed within the haematopoeitic compartments of BM (57.10%), spleen (85.10%) and blood (73.70%) (Figure 5.3B).   Functional reconstitution of the haematopoeitic compartment after adoptive transfer and 38 weeks TAA administration was confirmed using flow cytometry to identify EGFP+ lymphocytes and granulocytes in chimeras. Lymphocyte and granulocyte sub-populations were identified and gated based on their scatter characteristics, before measuring the percentage of EGFP+ cells in each subpopulation. EGFP+ cells were gated compared to cells from the same tissue derived from a wild type control (Figure 5.3C). Samples of sorted cells were re-aquired to confirm the experimental purity of collected sub-populations (Figure 5.3D). Of note, sex-mismatched male to female wt chimeric BM, spleen and blood was collected and sorted in the same fashion as shown in Figure 5.3D, using scatter properties to identify lymphocyte and granulocyte subtypes (data not shown) in case EGFP SD rat colony rederivation failed.   The apparent difference in proportional reconstitution detected by flow cytometry (70%) and qPCR (100%BM) may be explained by the effect of using a derived 
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Figure 5.3: Stable EGFP chimerism of blood, spleen and BM in wt rats follow-
ing adoptive transfer of syngeneic EGFP+ BM  
 
A 
Male rats underwent adoptive transfer of either male or female EGFP+ BM,  
recovered for 10 weeks and then received TAA for up to 38 weeks.  
B 
Following adoptive transfer, flow cytometry confirmed EGFP+ chimerism of the 
















































































































Functional reconstitution of the haematopoeitic compartment after 38 weeks of TAA 
and adoptive transfer, with EGFP+ mononuclear cells and granulocytes identified in 
chimeras.  
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Example of sorting strategy used to isolate cell populations from a chimeric recipi-
ent of EGFP+BM, showing purity of recovered cells.  
 
Cells were labelled with PE conjugated anti-CD45 antibody to confirm haematopoietic lineage and 
cells were sorted based on EGFP and CD45 expression. Panel A: unsorted BM after gating to ex-
clude cell aggregates, red cells, dead cells and debris, showing gates defining lymphocyte and 
granulocyte sub-populations. Panel B: unsorted lymphocytes gated for EGFP+CD45- cells (P6) and 
EGFP+CD45+ cells (P7). Panel C: unsorted granulocytes gated for EGFP+CD45- cells (P9) and 
EGFP+CD45+ cells (P8).  Panel D and E: reacquisition of sorted lymphocytes from P6 and P7. 
Panel J  and K: : reacquisition of sorted granulocytes from P8 and P9. Panels F and G; sorted lym-
phoctes were absent from granulocyte sort gates P8 and P9. Panels H and I:  sorted  granulocytes 





Stable chimerism of mesenchymal stem cell compartments in recipient rats 
following adoptive transfer  Mesenchymal stem cells (MSC) are extremely rare, comprising 0.01%-0.001% of all mononuclear cells, compared to 0.1% for the haematopoietic stem cell (HSC) population 223. Some argue that these cells should preferentially be termed mesenchymal stromal cells since cultured MSCs may comprise a number of cell type subsets and may be derived from other sources including adipose tissue, umbilical cord skin 219, 220 and tissue pericytes 221. Mesenchymal stem cells are considered to be more radio-resistant than HSCs 518-520 and the degree of chimerism achieved in the MSC compartment by adoptive transfer was investigated. To characterise EGFP-BM chimerism of the mesenchymal stem cell compartment, BM from transplant recipients was collected by flushing femurs with PBS following incubation in collagenase 1A521. Recovered cells were washed and resuspended in Mesencult MSC basal medium supplemented with 10% HyClone FCS. Cells recovered from 1 femur after flushing were plated into a 1 well of a 6 well plate and passaged up to 4 times using TRYPLE. (Figure 5.4A). Live cell fluorescent microscopy of BM MSC cultures demonstrated abundant EGFP+ MSC (Figure 5.4B). The phenotype of cultured cells was assessed by flow cytometry. Briefly, cells were incubated with fluorochrome-conjugated monoclonal antibody for 30 minutes and washed before data acquisition. An electronic gate was used to exclude dead cells. Unstained cells from wild type and EGFP+ BM, together with appropriate isotypes were used as controls to set gates to identify EGFP+ cells co-expressing specific markers. Monoclonal antibodies used included CD45 (PECy5.5) and STRO-1 (APC). Cells were deemed to be mesenchymal stem cells (MSCs) if they expressed STRO-1 491-493 and were donor-derived if they co-expressed EGFP. In addition, the cells were gated to be non-haematopoeitic, by gating for CD45- (data not shown). Transplanted animals were compared to non-transplanted positive control EGFP+ rats. Flow cytometry identified that the proportion of STRO-1+/EGFP+ cells was comparable between transplanted animals and non-transplanted positive control EGFP rats (Figure 5.4C), n=5 transplants and n=2 controls.   
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donor MSC =  
GFP+ stro1+ 
cells  















Figure 5.4: EGFP chimerism of mesenchymal component of BM  
Protocol for enrichment of MSCs from EGFP+ chimeras.  




























































Flow cytometry for co-expression of stro-1 and EGFP confirms similar chimerism 
to positive control rats with a similar proportion of stro-1+ EGFP+ cultured cells up 
to the fourth culture passage (73.5 and 70.2%). 
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Haematopoeitic cells but not mesenchymal cells are recruited from BM-derived 
sources  Ten weeks following bone marrow transplantation (BMT), chimeric rats (male recipients of either female EGFP-BM or male EGFP-BM) were commenced on drinking water supplemented with 300 mg/L thioacetamide (TAA) (Sigma)480. These were harvested following 14, 26 and 38 weeks of TAA dosing; n=6 TAA for each transplant group at each timepoint. Age-matched chimeric controls were provided with unsupplemented drinking water (n=3 at each timepoint). Cells of BM origin were tracked in liver using immunohistochemistry for EGFP and fluorescent in situ hybridisation for the Y-chromosome (YChr-FISH) together with immunofluorescence for cell specific antigens. For anti-EGFP immunofluorescence combined with YChr-FISH, Tyramide Signal Amplification (TSA) was performed to stabilise the EGFP epitope signal.   Following 38 weeks of TAA treatment, multiple intrahepatic CCA lesions developed in five animals (two male wt recipients of male EGFP+ BM and three male wt recipients of female EGFP+ BM). These lesions accurately reprised the histological architecture of human intrahepatic CCA tumours with a similar distribution of biliary epithelial and stromal cells. See Figure 3.3 for details.   EGFP+ cells comprised a large component of the cellular compartment of the tumour stroma. The origin of haematopoietic-derived cells was tracked using dual immunofluorescence for EGFP and cell specific antibodies: ED1/CD68 migrating monocyte/macrophages, ED2/CD163 tissue resident macrophages and myeloperoxidase (MPO) neutrophils. These cells were predominantly from BM-derived sources, as characterised by dual EGFP+/cell specific marker+ immunofluorescence (Figure 5.5A).   In contrast, dual immunofluorescence for EGFP and αSMA (myofibroblasts) and desmin (fibroblasts) identified that cancer associated fibroblasts (CAFs) and 
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perivascular fibroblasts were not derived from transplanted BM sources (Figure 
















































































Figure 5.5: Haematopoeitic and mesenchymal stem cell derived stromal  
elements in intrahepatic CCA 
 
Dual immunofluorescence of haematopoeitic cells and EGFP identifies BM-derived 



















































































































































































































































































































































































































































































































































































































































































































































































































No evidence for significant rate of cell fusion or EGFP silencing in CCA  To identify whether BM-derived cells transdifferentiated into epithelial-type cells and, in so doing, silenced EGFP expression, the incidence of EGFP- Y-Chr- epithelial cells of tumours in the female EGFP+ BM to male wt chimeras was studied.  The BM origin of cells within the lesions was traced by YChr-FISH using STAR* FISH Rat 12/Y Cy3 labelled paint. This technique paints the Y-chromosome red and also identifies homology in chromosome 12 (that paints green) and chromosome 3 (that paints orange). The combination of immunohistochemistry and Y-Chr immunofluorescence of serial sections was used to track the epithelial cells within the lesions. Histological sections are of finite thickness and the Y chromosome is not detectable in all cells even in male control tissue, as the nucleus may be only partially included in the tissue sections, Hence, there is a detection rate of the Y-Chr based on section thickness and nuclear. For example, studies in the literature have identified 42-63% cells in male control tissue to contain Y-Chr on FISH analysis 315, 331. All malignant bile ducts analysed in this series were found to have greater than 30% Y-Chr+ cells, and the majority were greater than 60%. These findings fit within the Y-Chr detection rate for cells that would be identified as male cells in control serial sections. Conversely, EGFP is a cytoplasmic protein and should be detectable in all EGFP+ cells on the section as it is unaffected by section thickness.   To address whether BM-derived cells fused with epithelial cells to a significant degree, dual EGFP+ immunofluorescence and YChr-FISH was performed on both the female EGFP+ to male wt male tumour-bearing chimeras following 38 weeks of TAA. No evidence of fusion was observed with no GFP+Y+Chr cells seen in female-to-male chimeras Figure 5.7A.  Over the time course of TAA administration in the male to female wt BM transplants, marked cirrhosis developed with evidence of biliary duct dysplasia and microinvasive carcinomas (oral TAA for 18, 32 or 52 weeks; n=6 TAA and n=3 water controls at each timepoint). Male BM-derived cells were identifiable in the 
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EGFP Y-Chr DAPI 
EGFP Y-Chr DAPI 
Figure 5.7: Tracking of Y-Chromosome in transplant chimeras using FISH  
Y-Chr FISH and dual immunofluorescence for EGFP in female EGFP to male wt 
BM chimeras identify no female malignant bile ducts and no EGFP+ bile ducts.  
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Timecourse of the male to female wt BM transplants. At 18 weeks minimal hepatic 
abnormalities were noted with no evidence of biliary duct abnormalities. At 32 
weeks, cirrhosis was marked with evidence of biliary duct dysplasia and microinva-
sive carcinomas. Male derived cells were identified by FISH in the fibrotic scar tis-
sue of female livers at 32 weeks. The arrows in the figure mark male chromosomes.  
Male derived cells in female liver 
fibrotic scar tissue 









Y-Chr FISH and CK19 serial sections in male to female wt BM chimeras after 52 
weeks TAA identify no male cells in malignant biliary epithelia.  
233 
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Progressive accumulation of BM-derived haematopoietic cells occurs in the liver 
during TAA-driven cholangiocarcinogenesis  The developmental timecourse was investigated in the TAA CCA model over 14 and 26 weeks prior to tumour formation at 38 weeks. Using dual immunofluorescence, ED1, ED2 and MPO cells in the liver were, over the studied timepoints, seen to display increasing proportions of cells expressing both cell-secific markers (ED1, ED2, MPO) and EGFP as cells migrated from the BM to the liver and replaced. ED1 macrophages and MPO neutrophils demonstrated relatively early co-expression of EGFP and cell-specific markers by 14 weeks. Conversely, ED2 macrophages displayed later apparent changes insofar as minimal co-expression of EGFP was noted by 26 weeks (Figure 5.8A). It was previously demonstrated that full BM chimerism was achieved in this model by 7 weeks (see Figure 5.2F). Consequently, the observed differences here may be explained by the fact that ED1 and MPO cells are migratory immunoregulatory cells whereas ED2 cells are tissue resident and hence more sessile and therefore less prone to rapid turnover. These cell types were distributed throughout the liver as turnover occurred.  When considering MSC-derived cells, αSMA myofibroblasts were distributed in vascular walls and were not BM derived at any time point. Similarly, epithelial cells (CK19 and panCK) displayed non-chimeric qualities (no co-expression of EGFP) during the entire TAA carcinogenesis regime (Figure 5.8B).  
Figure 5.8: Haematopoeitic and mesenchymal stem cell derived stromal  













































































































































































































































































































































































































































































































A similar pattern of cell origin is noted in other solid organ lesions compared to 
CCA  Spontaneous tumours are known to occur in irradiated rats 525. In female rats that underwent adoptive transfer of male EGFP+ BM but received no further treatment (specifically, no TAA), spontaneous breast (n=8), skin (n=6) and colon (n=1) lesions developed between 26 and 38 weeks. The histological subtypes of these lesions comprised: Breast [fibroadenoma (3), infiltrating duct adenocarcinomas of tubular, papillary or cribriform types (4), adenocarcinoma with lymphosarcoma (1)]; skin [basal cell carcinoma (6)]; colon [adenocarcinoma with osteoclastic malignant components (1)].   The spontaneous tumours were studied in the same fashion as the CCA lesions by means of dual-fluorescence immunohistochemistry. A similar pattern of cell distribution was seen in breast, colon and skin malignancies as compared to CCA in rat. Desmin and αSMA- expressing cells originating from MSC-derived were not BM-derived(Figure 5.9A and 5.9B). Similarly, PanCK+ cells all displayed no evidence of BM-derivation (Figure 5.9C). Conversely, ED1 cells displayed more heterogeneity than in the CCA lesions, with more cells being EGFP- than in CCA (Figure 5.9D). This may be explained by the spontaneous lesions forming earlier and so resident ED1 macrophages still being present at the time of tumour formation. In a similar fashion, ED2 cell heterogeneity followed the same pattern as ED1+ cells (Figure 5.9E). Separately, MPO cells were overwhelmingly EGFP+, explained perhaps by the shorter lifespan of these cells and so a more rapid turnover from the BM driving replacement of endogenous neutrophils prior to tumour onset (Figure 













































































Figure 5.9: A similar pattern of cell distribution is seen in breast, colon and 











































































































































































































































































































































































































































































































































































































































































Discussion  There are conflicting reports regarding the contribution of BM-derived stem cells to the cellular composition of distant organs and also the role played in tumour initiation and propagation. In health, a steady-state slow turnover of parenchymal and stromal cells occurs. Engrafted transdifferentiation into the epithelial compartment of distant organs by BM-derived haematopoietic stem cells occurs at very low levels under physiological conditions, if at all 526.   In chronic inflammation, studies that appear to demonstrate transdifferentiation of BM-derived stem  cells into epithelial cells include examples of sex-mismatched BM transplants followed by hepatectomy (that drives hepatic regeneration) in 2-acetylaminofluorene treated rats (2-AAF blocks replication of hepatocytes). Results suggested that BM-derived cells had the capacity to transdifferentiate into hepatic progenitor cells 341. Other examples include sub-acute organ injury such as radiation induced pneumonitis 527, where apparently whole alveoli appeared to be populated with epithelial cells derived from bone marrow. Limitations of these studies include the reliance on a single marker, the Y-chromosome, rather than addressing cell fusion events. To test this, Kubota et al 336 studied the choline-deficient ethionine-supplemented diet rat model of hepatic injury and regeneration. They identified that BM-derived cells may fuse with hepatic progenitor cells in rats but do not appear to contribute to hepatocellular carcinoma (HCC) preneoplastic lesions. Similarly, Ishikawa et al 342 employed a mouse model of HCC (diethylnitrosamine and phenobarbital administration) and did not identify BM contribution to HCC lesions (cells were tracked by x-gal staining and Y-FISH). Hepatocytes that appeared to be BM- derived most likely represented cell fusion events between donor bone marrow and recipient hepatocyte rather than transdifferentiaton events. This has been confirmed by murine studies of tissue-damaged, regenerating liver, where hepatic progenitors (oval cells) were not found to be BM-dervied 343, 344.  Contemporary experimental studies of the role of BM-derived cells in tumour biology have been extensively detailed in Chapter One – Introduction: Bone Marrow Derived 
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Stromal Components and Tumour Biology. There is evidence that BM-derived elements display migratory capacity towards tumours 317, 318 where the cells contribute functionally to the inflammatory stroma of lesions 228, 319; these cells appear to promote cancer growth 207, 318, 321, 322 with few studies suggesting the converse 323, 324. Studies by Quante et al 327 and Kidd et al 328, have suggested a proportional BM-contribution to mesenchymal elements (myofibroblasts) of tumour stroma in H felis gastric cancer models and subcutaneous synegeneic tumour bolus models. The BM-derivation of  haematopoeitic elements (macrophages and endothelial cells) are less well studied but appear to comprise 10-35% of the endothelial elements of tumour associated vasculature in animal models 329, 330, 5% of tumour vasculature in human specimens 331 and 38% of TAMs in a murine model of retinoblastoma 332.   As discussed in Chapter One - Introduction, when considering the possible role of BM-derived cells and malignant tumour cells themselves, Houghton’s provocative study of H. felis-induced gastric cancer suggests that BM derived cells may differentiate into tissue stem or mature cells to reconstitute the damaged tissue and contribute to carcinoma formation333. Entire epithelial gastrointestinal crypts were identified as being BM-derived, with a suggestion that these cells were mesenchymal in origin. Separately, their group also demonstrated the ability of aged BM-derived MSCs that were aged by culture in vitro to give rise to fibrosarcomas when administered in vivo 334. As detailed in the Introduction, human studies have identified cancers with apparent small-volume BM cell contribution to the epithelial compartments of larynx and brain tumours 337 338. Other murine studies similar to the 
H. felis gastic cancer model have suggested that BM-derived cells can contribute to tumours of small intestine, colon and lung 340 whereas this does not appear to be the case in squamous cell carcinomas of the skin 339.   In this study, we have not found evidence that epithelial compartments of tumours, or indeed, regenerating hepatic progenitor cells, are BM-derived. Cogle et al 340 suggest (from their findings in the APCmin mouse model of colon cancer of minimal BM-contribution to epithelial elements of tumours) that individual cells that appear to be donor-BM derived in the context of an overwhelmingly locally-derived tumour may 
 245 
represent developmental mimicry on the part of circulating haematological stem cells whereby BM-derived cells may be recruited to malignant lesions by inflammatory cues and then transdifferentiate into malignant cells themselves. We suggest that the inherent variability and data interpretation required to identify such isolated cells renders it possible that these findings of small numbers of cells are potentially subject to a Type One error. Certainly these isolated cells do not appear to be functionally significant, unlike studies in the gastric cancer model where whole epithelial crypts were identified as being donor derived 333.  Another possible explanation for our findings that differ from published studies focusing on the intestine in the absence of radioprotection may include different radiosensitivity of target organs. The gastrointestinal tract is exquisitely radiosensitive, routinely sloughing and regenerating the epithelial lining following total body irradiation. It may be that these tissue stem cell niches are ablated and thus rendered experimentally available to occupation and repopulation by circulating stem cells. Conversely, the liver is a relatively radioresistant gastroenterological organ with low turnover of hepatocytes and biliary cells in the liver in healthy adult mice and rats 528, 529. There are very few in vivo models of CCA, with the majority of models employing induced genetic abnormalities with rapidly forming lesions in the absence of tumour associated stromal elements 475, or by transplanting malignant cells in either the xenogeneic 530 or syngeneic context 477.  We elected to study chemically induced carcinogenesis in an outbred species of rodent with a model that generates tumours in a relatively indolent fashion. Furthermore, adult organs possess their own MSC in the tissues 531 and this may explain the failure of myofibroblasts to migrate from the BM in this model.  It may be that a combination of these features of the TAA CCA model and the spontaneous breast, skin and colon tumours that makes this study more comparable to the human setting and hence more similar to the human studies that have shown either no or minimal BM involvement in the epithelial component of tumours.  In conclusion, in a rodent model of intrahepatic CCA that realistically recapitulates human lesions, there is evidence of overwhelming BM contribution to the 
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Introduction  The Notch signalling pathway is an evolutionarily conserved local cell signalling mechanism that plays a fundamental role in regulation of both embryogenesis and adult tissue homeostasis382. The pathway is dysregulated in diverse haematological and solid organ tumours, demonstrating both oncogenic and tumour suppressor roles depending on the tumour types and the components of the Notch signalling system involved. These are covered in detail in Chapter One – Introduction: The Notch Signalling Pathway.   In the developing liver, Notch signalling is crucial for normal biliary system development, as clinically demonstrated by Alagille syndrome, an autosomal dominant mutation in the Notch ligand, Jagged1. The disorder is characterised by a failure of intrahepatic biliary duct formation and mild multisystem defects that include skeletal, cardiac, ocular and craniofacial abnormalities 411. Adult tissue homeostasis is also regulated by Notch signalling (reviewed in 416 417). In the quiescent liver, Notch receptors are expressed exclusively on bile ducts whilst signalling components are transiently upregulated during oval cell regeneration of the liver following AAF and partial hepatectomy injury 418.  Furthermore, there is evidence that Notch signalling is implicated in biliary inflammation and CCA. Certainly, in the adult liver following chronic injury, myofibroblast-derived Notch ligand directs biliary specification of hepatic progenitor cells within the regenerative niche 347.   Dysregulated Notch signalling has been identified in CCA. Notch1 appears to be upregulated in CCA, and has a role in conferring resistance to apoptosis; this appears to be via iNOS-mediated processes that upregulate Notch1 signalling 79. Non-canonical Notch signalling mechanisms that theoretically may be active in the tumour:stroma relationship include iNOS signalling mechanisms, as NO production is a recognised feature of activated macrophages 444. Additionally, IGF-1 is a candidate signal for Notch activation via AAH activation in CCA 446, 447 and IGF-1 is produced by tumour associated myofibroblasts 202, 448. AAH is overexpressed in CCA 
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and directly upregulates Notch signalling. This in turn increases CCA invasiveness and cell survival 446, 449, 450. In CCA, reports have identified receptor elements of the Notch pathway as being over expressed 79. However, the anatomical distribution of pathway components and therapeutic implications are not yet clear.   We hypothesised that the canonical signalling elements of the Notch pathway may drive CCA carcinogenesis, compartmentalise across the epithelial and stromal compartments of lesions and serve to enhance tumour progression. Furthermore, it was hypothesised that manipulating this pathway may enhance chemosensitivity. Data are presented demonstrating that, in CCA, Notch signalling promotes tumour growth and, in in vivo models, is upregulated in a sequential fashion during cholangiocarcinogenesis. Within the tumour microenvironment, Notch ligands are expressed by the biliary epithelia which in principle may be responsive to signalling from the tumour stroma. Inhibition of the Notch pathway reduces proliferation and appears to enhance chemosensitivity in vitro.  
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Notch Pathway components are upregulated in human CCA lesions  Although there is limited information regarding canonical Notch ligand expression, Notch1 receptor has been found to be upregulated in human CCA 79, 532. Accordingly, a series of human CCA lesions was collated to study the expression patterns of the main elements of the Notch signalling pathway using qPCR array. Human CCA lesions were obtained from resection specimens of patients undergoing hepatectomy for CCA with curative intent. These patients had not received prior neoadjuvant chemotherapy or radiotherapy. qPCR Notch pathway array (commercially obtained) was undertaken on five human CCA lesions with matched control liver from elsewhere in the resection specimen. Compared to normal liver, upregulation of Notch pathway elements were noted in CCA lesions. Namely, Notch-2 and Notch-3 receptors together with the canonical ligands Jagged-1 and Jagged-2 and downstream targets HeyL and Hey1 but not Delta-like ligands were upregulated in human CCA. (Figure 6.1).  Ideally, this observation would have been confirmed with individual qPCR for each gene on the individual tissues. Unfortunately, I designed in-house primers for the Notch pathway rather than obtaining commercially available primers (Qiagen) and consequently did not perform this assay due to time limitations.   
Figure 6.1: Notch pathway signalling is active in human CCA  
 
Clustergram and volcano plot: Upregulation (>4-fold) of Notch3 receptor, Jagged1 
and Jagged2 ligands occurs in malignant CCA lesions (n=5) compared to control 
tissue (n=6) (qPCR array). Downstream elements HeyL and Hey1 are also upregu-
lated as illustrated by the data points highlighted in red.  
I obtained the tissue specimens, purchased the array, performed the first three tumours and three controls 





Notch Pathway components are upregulated in cholangiocarcinogenesis and in 
CCA lesions  To study the timecourse of Notch pathway signalling, the TAA rat model of CCA was used to analyse Notch pathway components in the premalignant environment of the liver during cholangiocarcinogenesis. Animals treated with 0.06% TAA were grouped according to the duration of TAA exposure and the histological appearances of the tissue. Pooled mRNA was analysed with a commercially acquired qPCR rat Notch pathway array.   Animal tissue was pooled and described as follows: Control: Described as t=0 weeks (n=6 age-matched animals that did not receive TAA) Inflamed Liver: t=12 weeks, comprising 10 and 14 weeks TAA, (n=3 at each timepoint), total n=6 Fibrotic Liver: t=17 weeks, comprising 16 and 18 weeks TAA, (n=3 at each timepoint), total n=6 Early Malignancy: t=21 weeks, comprising 20 and 22 weeks TAA, (n=3 at each timepoint), total n=6  Late/Established Malignancy: t=25 weeks, comprising 24 and 26 weeks TAA, (n=3 at each timepoint), total n=6  An increase in Notch signalling components was noted after 17 weeks of TAA treatment compared to controls, with particular upregulation identified in established lesions (week 25). Of note in the qPCR array, Notch3 receptor, Jagged1 and Jagged2 ligands and downstream components HeyL were upregulated more than four-fold by 25 weeks.  (Figure 6.2).  
Figure 6.2: Notch pathway elements are progressively upregulated in the TAA 
rat model of cholangiocarcinogenesis 
 
n=6 each group 
 
 




qPCR array of pooled mRNA from rats treated with 0.06% TAA. Upregulation of 
Notch signalling components is pronounced following the formation of established 
malignant lesions. In particular, Jagged1, HeyL, Jagged2 and Notch3 (marked as *) 
represent the most upregulated components, with Notch1, Notch2, Notch4 and 
Hey1 (#) not demonstrating upregulation. Data shown as fold-change relative to  
untreated controls. 
Tissue was generated and grouped into histological sets by myself, then Dr Luke Boulter (LB) and I 
discussed timepoints. LB carried out the qPCR array, data analysis and generated the above figure 





qPCR array comparison of malignant liver (25 weeks TAA) versus control liver tissue. 
Scatterplot data points in red identify at least four-fold upregulation whereas green data 





















Notch Pathway elements are distributed at a protein level in the CCA lesions   To identify the anatomical distribution of Notch signalling components in CCA lesions, antibodies were purchased from Santa Cruz. These proved to be labour and resource intensive to optimise. A wide range of tissue fixations (frozen section, formalin- and methacarn-fixed paraffin-mounted) were trialled. Protocol variations were undertaken, including antigen retrieval strategies (heat treatment with sodium citrate and enzymatic digestion with proteinase K or trypsin) and different antibody incubation durations (from one hour up to 72 hours). Signal amplification and stabilisation was performed with antibody agents such as Tyramide Signal Amplification (Perkin Elmer) and Alexa Fluor® 555 streptavidin (Molecular Probes). Mouse embryo tissue was used as positive control, since the Notch pathway is highly expressed during development.   Using immunofluorescence it was identified that Notch1 was expressed on malignant biliary epithelial cells whilst Jagged 1 was expressed in the stroma of human CCA lesons. Specifically, myofibroblasts (αSMA+ve) in the stroma expressed jagged1 ligand (Figure 6.3 A and B).   Optimisation of DAB immunohistochemistry for human CCA lesions was unsuccessful. However, using human liver, Notch1 Notch2 and Notch3 receptors were found to be expressed weakly by blood vessels, whilst Notch2, Notch 3, Notch4 receptors and delta-like1 ligand were expressed by bile ducts. Figure 6.3 C.   As an illustration of the optimisation process, Notch 1, Notch2 and Jagged2 protein distribution was studied in rat tissue (premalignant inflamed liver and CCA lesions) using rat embryo as positive control tissue (Figure 6.3 D, E, F).  Apparent Notch1 staining was identified in venules, stroma surrounding bile ducts and also larger order bile ducts themselves (Figure 6.3 D).  Apparent Notch2 staining was noted of venules, stroma surrounding proliferating bile ducts, larger order bile ducts and vessels and also malignant bile ducts in tumours. Jagged2 staining was unsuccessful 
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with no staining noted, even in positive control tissue, most likely representing protocol optimisation failure. These findings suggested that Notch1 and 2 are expressed in non-biliary elements of tumour stroma which conflicts with the finding that  Notch1 is expressed only in bile ducts whilst staining with immunfluourescence (Figure 6.3 A). The technical hurdles encountered with DAB protocols suggest that the immunfluorescence results represent more cogent data.  Of note, the qPCR array of human lesions identified upregulation of Notch2 and Notch3 (in particular) together with Jagged2 which is in keeping with the immunofluorescence findings. So, it would appear that although the immunohistochemistry has not indicated upregulation of Notch1 or Jagged1 in CCA lesions, this is perhaps not surprising in the context of the findings of the qPCR array.   
Notch1 receptor is expressed on malignant bile ducts whilst Jagged1 ligand is ex-
pressed within the stroma of CCA lesions (human tissue). 
Jagged-1 Notch-1 
Figure 6.3: Notch pathway component expression patterns in human and rat 







Dual immunofluorescence identifies expression of Jagged1 ligand by myofibroblasts 
(αSMA) in tumour stroma (human tissue). 
 





Notch receptor and delta-like 1 ligand expression profiles were studied in human 
liver using the original purchased antibodies (Santa Cruz Biotechnology, USA). A 
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Notch1 expression was studied in rat liver using mouse embryo tissue as positive 
control material using the original purchased antibodies (Santa Cruz Biotechnology, 
USA). Inconclusive and variable results were obtained, with apparent Notch1 stain-


























Similarly, Notch2 expression was studied using mouse embryo tissue as positive  
control material. Again, inconclusive and variable results were obtained, with  
apparent Notch2 staining of venules, stroma surrounding proliferating bile ducts,  


























Jagged2 expression was studied using mouse embryo tissue as positive control  
material. It did not prove possible to reliably stain embryonic or adult tissue with this 





















The Notch pathway in CCA is functionally active in vitro and inhibition of the 
pathway inhibits CCA cell line growth  The biological activity of the canonical Notch signalling pathway was measured in CCA cell lines using a luciferase reporter assay kindly provided by Dr Sally Lowell. Briefly, the technique comprises a 12CSL reporter complex that is transiently transfected into cells of interest. This comprises 12 copies of the CSL-binding site for NICD as a synthetic promotor upstream from a firefly luciferase sequence. Upon Notch pathway activation, binding of NICD to CSL target sites in the nucleus promotes expression of firefly luciferase which then acts on exogenously administered luciferin substrate to generate a quantifiable fluorescent output. Co-transfection of a constitutively-expressing SV40-renilla luciferase reporter construct enables normalisation relative to cell population by calculating firefly:renilla luciferase expression ratios. As a control for transfection efficiency, transfection with a constitutively expressing GFP construct is undertaken whereby GFP may be visualised under a fluorescent microscope. Positive control of 12CSL responsivity to Notch signalling is tested by co-transfection of NICD construct which over-expresses NICD intracellularly, thus driving 12CSL reporter and upregulating luciferase expression.   In order to generate sufficient reporter construct material for experiments, the plasmid constructs were first expanded in bacteria (DH5α-competent cells, Invitrogen Inc) and repurified. The putative NICD construct was then sequenced to confirm correlation with the known NICD sequence in the literature. Optimisation of transfection was undertaken and this was found to be efficient with lipofectamine. Activity of the 12CSL luciferase reporter was then assayed in response to co-transfection with NICD contstruct, confirming 12CSL responsivity to Notch signalling in CCA cell lines. See the methods chapter for details on how this was undertaken.  The role of Notch signalling and subsequent pathway inhibition on the behaviour of CCA was tested in vitro. Cell lines were transiently transfected with 12CSL notch 
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pathway reporter and SV40-renilla constructs. CCA cell lines were treated for 48 hours in vitro with the γ-secretase inhibitor, N-[N-(3,5-Difluorophenacetryl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT). This inhibits the Notch signalling pathway by preventing cleavage of the Notch intracellular domain (NICD) and thus preventing downstream signalling of the pathway following receptor-ligand binding. As a result of DAPT administration, the Notch pathway was downregulated in CCA cell lines together with a concomitant dose-dependent decrease in cell proliferation as measured by MTT assay. (Figure 6.4). Maximal inhibition of the Notch pathway appeared to be reached by 5µM DAPT whereas maximal inhibition of proliferation (MTT) was achieved with higher doses of DAPT. This augmented effect above 5µM was presumably due to in vitro cell toxicity  rather than Notch pathway inhibition per 
se.     




Proliferation of CCA cell lines (S1079 and S1196) is inhibited after 48 hours of 
treatment with DAPT compared to vehicle control (MTT assay). Data are described 




DAPT downregulates the Notch signalling pathway in CCA cell lines (S1079 and 
S1196) after 48 hours of treatment (12CSL luciferase assay). (P<0.05 for 5µM and 
50 µM DAPT compared to vehicle control, ANOVA).  
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Inhibition of the Notch pathway appears to augment chemosensitivity in vitro  Cisplatin and 5-FU were chosen as chemotherapeutic drugs because of the BILCAP and ABC-02 trials. 5-FU was chosen as the BILCAP trial, currently recruiting in the UK, is a randomised clinical trial evaluating adjuvant capecitabine chemotherapy (oral 5-FU) compared to expectant treatment alone following surgery for biliary tract cancer. Cisplatin was selected because the ABC-02 trial of cisplatin with gemcitabine was shown to provide a survival advantage of 3.6 months over gemcitabine alone for patients with locally advanced or metastatic biliary tract cancer (11.7 v 8.1 months) 132.   CCA cell lines were treated with 5-FU, cisplatin and the γ-secretase inhibitor DAPT as individual therapeutic drugs and in combination for up to 48hours. Combining low dose DAPT with low dose chemotherapy significantly augmented CCA chemosensitivity (MTT assay) (p<0.05). (Figure 6.5). In light of the observed marked effect, it would have been preferable to include analysis of the effect of 5µM DAPT when not combined with chemotherapy in this experimental series. However, this was not included in the experimental design and would be of interest to undertake for future work.      
P<0.05 
P<0.05 
Figure 6.5: Notch signalling pathway inhibition appears to augment  
chemotherapeutic effect on CCA cell line proliferation in vitro  
 
S1196 (A) and S1079 (B) cell lines were studied. Combination of low dose DAPT 
(5µM) with low dose chemotherapeutic drugs (20µM 5-FU and 10µM cisplatin)  
inhibited cell proliferation by at least as much as high dose chemotherapy (320µM 









Co-culture of myofibroblasts and CCA cell lines in vitro does not appear to alter 
Notch signalling in CCA cells  To investigate the role of Notch signalling between stromal cells and malignant biliary epithelial cells, CCA cell lines were transiently transfected with the 12CSL reporter construct and co-cultured with human myofibroblasts derived from a range of sources – LX2 activated stellate cell line, fresh cultured hepatic stellate cells and fresh cultured tumour associated myofibroblasts from human CCA lesions. (4x104 CCA cells with 5x103 myofibroblast cells per well in a 24 well plate). Notch pathway activation was measured in CCA cell lines following 48 hours of co-culture. No significant differences were noted compared to monoculture of CCA cell lines alone (p=NS, ANOVA). (Figure 6.6).  The range of myofibroblasts was specifically chosen and cultured in order to address the role of non-tumour associated and tumour associated stromal cells, as there may be a difference noted between the cell populations. It is possible that the negative findings here may reflect the limitations of two dimensional co-culture as compared to three dimensional relationships in vivo, that reduces the actual cell:cell contact interface and hence measurable cell:cell signalling. Furthermore, rapid in vitro cell cycling or autostimulation of the CCA cell lines themselves may have masked fine changes in Notch pathway regulation in vitro.   
Figure 6.6: Notch signalling pathway does not appear to be upregulated by in vitro 
co-culture with myofibroblasts 
 
A: LP and s1196 CCA cell lines were transiently transfected with the 12CSL reporter and then 
co-cultured for 48 hours with LX2 hepatic stellate cell line, cultured fresh human hepatic stellate 
cells (hSC) and myofibroblasts cultured from two human CCA lesions (CCA-1 and CCA-2). No 
significant differences in Notch pathway activation expression were identified compared to 
mono-culture of the CCA cell lines (ANOVA).  








Co-culture of M1 and M2 polarised macrophages with CCA cell lines in vitro 
does not appear to have an effect  In a similar fashion, CCA cell lines transiently transfected with the 12CSL Notch reporter were co-cultured with either M1 or M2 polarised human macrophages for 48 hours. Polarisation was performed using GM-CSF and M-CSF. LP and s1196 cell lines were co-cultured with macrophages derived from two donors (4x104 CCA cells with 4x105 macrophage cells per well in a 24 well plate). Statistical analysis was undertaken using one way ANOVA with post-hoc Bonferroni testing. (Figure 6.7).   In the case of both cell lines, ANOVA identified significant differences between treatment groups (p<0.05 in both cases). However, post-hoc testing demonstrated that this was explained by significant differences between mono-culture and M1 MΦa in the case of LP co-culture (p<0.05, 95% CI 0.012-0.096) and between mono-culture and M2 MΦa in the case of S1196 co-culture (p<0.05, 95% CI 0.006-0.053). These findings did not appear to have clinical significance and did not reproduce across the two cell lines in co-culture with macrophages and were therefore disregarded for interpretation of data. Specifically, there were no statistical differences in Notch pathway activation in the cell lines as a result of the M1 or M2 co-culture conditions.   In this case, I was unable to identify an effect of co-culture on Notch pathway signalling in tumour cells.  
Figure 6.7: Notch signalling pathway does not appear to be differentially 
upregulated in vitro co-culture with M1 or M2 macrophages (MΦ) 
 
LP (A) and s1196 (B) CCA cell lines were transiently transfected with the 12CSL 
reporter and co-cultured for 48 hours with either M1 or M2 polarised macrophages 
from two different donors (MΦa and MΦb). No significant differences in Notch 
pathway activation expression were identified between M1 and M2 polarising cul-





Discussion  Evidence presented here demonstrates that the Notch signalling pathway is upregulated in human CCA, specifically Notch2 and Notch3 receptors, Jagged1 and Jagged2 ligands together with downstream elements. This upregulation occurs during cholangiocarcinogenesis as identified in the rat TAA model. Whereas other groups 79, 532 have identified upregulation of Notch1 in tissue arrays of intrahepatic and extrahepatic CCA, we found that Notch3 exhibited the most striking dysregulation in our experimental series.   When considering the compartmental distribution of the Notch signalling pathway in this study, although immunohistochemical studies proved challenging, Notch receptors localised to biliary epithelia (and vasculature) whereas Jagged1 ligand localised to the tumour associated stroma, specifically appearing to be expressed by tumour associated myofibroblasts. During pre-neoplastic biliary proliferation in the rat model, Notch3 and Jagged1 was upregulated, together with downstream effector genes heyL. The significance of this is unclear and putative Notch signalling within the tumour niche is likely to be complex, with bidirectional relationships across the compartments. For example, it is possible that the progressive expression of Jagged1 ligand during cholangiocarcinogenesis reflects an accumulation of stromal cells in concert with an expansion of Notch3-expressing progenitors and dysplastic biliary cells. Jagged1 expression may then sustain Notch signalling and tumour progression. Assessment of this would be possible by immunohistochemical analysis of the pattern of receptor/ligand expression in the rat TAA model, which was not completed in this thesis. Currently, this study has not demonstrated expression of Notch3 in biliary cells or the stroma of tumours as the antibody stains were not optimised for analysis. Although the current model proposed in this study comprises of ligand-expressing stromal cells interacting with receptor-expressing epithelial cells, it is conceivable that Notch receptors could be also expressed by stromal cells in the tumours. If this were the case, then the Notch signalling pathway may play a role in controlling proliferation and maintenance of the tumour-associated stroma itself. Examples of this from other systems include observations that stromal cells control 
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dendritic cell fate and proliferation in bone marrow through Notch pathway signalling 440. Similarly, macrophage polarisation appears to be in part mediated by Notch signalling: Notch pathway activation drives cells to an M1 phenotype and downregulation is associated with an M2 phenotype 441. Additionally, M1 activated macrophages express upregulated levels of Notch1 and Jagged1 442 and the ligand delta-like 4 443. Furthermore, Notch3 mediated signalling increases macrophages’ proinflammatory function 443. Alternatively, a non-canonical relationship may exist between tumour stroma and malignant epithelial cells, such as characterised by the pleiotropic cytokine, IL-6. IL-6 is known to promote CCA growth and, in breast cancer, it has been shown that IL-6 producing cancer-associated fibroblasts promote tumour invasiveness in a Notch3 and Jagged-1 dependent manner 533.   CCA is highly resistant to chemotherapy, the mechanisms of which are likely to be multifactorial. When considering the rationale for chemotherapy and cell signalling manipulation, the Notch pathway is an attractive target as it is responsible for biliary fate specification and proliferation specifically within the biliary tree. Furthermore, combining inhibition of the Notch pathway with chemotherapy has a rationale insofar as conventional chemotherapy appears to upregulate the Notch pathway in certain cancers. For example, oxaliplatin upregulates the Notch pathway in colorectal cancer cell lines whilst γ-secretase inhibition sensitises cells to chemotherapy 534. Activated Notch signalling in cancer subsets results in downregulation of cell cycle regulating genes such as PTEN 535 and p53 536; this effect is abrogated by Notch pathway inhibition and chemosensitivity is enhanced.  In this study, CCA cell lines are sensitive to Notch pathway inhibition in vitro with a dose dependent inhibition of proliferation. Notch pathway inhibition results in reduced cell proliferation and, within the caveats described in Figure 6.5, appears to augment the chemotherapeutic effect of 5-FU and cisplatin in vitro. These findings would clearly need further assessment and validation in vivo.  Notch signalling appears to play oncogenic or tumour suppressor roles in different solid organ tumours, as described in Chapter One - Introduction: The Notch Signalling Pathway. The tumour promoting role of the Notch pathway in CCA 
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Intrahepatic CCA is increasing in incidence and yet survival remains dismally poor35. It is hoped that improved understanding of the underlying tumour biology of the disease will contribute to studies and efforts to improve outcomes by delivering patient-specific, targeted therapies using multi-modality approaches. This would combine chemotherapeutic protocols that minimise toxicity with appropriate surgical strategies.   Solid organ tumours comprise a complex three-dimensional network of malignant epithelial cells in intimate relationship with inflammatory cells (myofibroblasts, macrophages, neutrophils, immune cells), neovasculature and ECM components. It is increasingly apparent that the microenvironment of solid organ cancers plays a crucial role in tumour behaviour. Intrahepatic CCA represents an excellent example of a solid organ tumour and I have studied CCA within this context in this thesis. I have undertaken to identify the origin of the cellular components of the tumour microenvironment, to assess whether epithelial cells may be derived from extra-hepatic sources and to begin to characterise stromal:epithelial cell relationships, with a focus on the Notch signalling pathway as a possible cell signalling mediator.   To that end, I have optimised and accelerated the TAA rat model of intrahepatic CCA following a review of available in vitro and in vivo model systems for CCA. I have demonstrated that although TAA administration induces hepatic fibrosis in C57bl6 mice, it does not generate frank CCA lesions in these animals. However, I have demonstrated that TAA administration reliably induces CCA formation in a rat model. Furthermore, the lesions produced show excellent histological congruence with human intrahepatic CCA in terms of the anatomical distribution and relationships between malignant biliary cells (CK19+/panCK), myofibroblasts (αSMA), macrophages (ED1/CD68, ED2/CD163), and extracellular matrix components such as laminin. I have identified that, during cholangiocarcinogenesis, progressive changes occur in the liver, in terms of accumulation of inflammatory cells and fibrosis, in concert with progressive proliferation of bipotential progenitors (oval cells). These changes precede the development of frank CCA lesions. I have investigated the utility of small animal imaging in the CCA model and demonstrated 
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the limitations of ultrasound and fluorescence based tools together with the prohibitive cost:benefit ratio of MRI studies in SD rats.  I then went on to characterise the roles of the stromal components (ECM, myofibroblasts and macrophages) in CCA together with an assessment of the in vitro evidence for the existence of cancer stem cells in CCA. I identified that, in vitro, the cellular component of CCA contains stem cell compartments consisting specifically of SP cells. These cells generate both SP and non-SP cells and express markers (CK19 and AFP) consistent with maintenance of non-differentiated state, unlike non-SP cells that express only CK19. Cholangiocarcinoma lesions comprise a complex three-dimensional structure of malignant biliary epithelial cells couched in a dense inflammatory cellular and ECM network. Considering the tumour niche in terms of the cellular and ECM contributors, I aimed to recapitulate these components in vitro. I identified that ECM components induce characteristic cell proliferation patterns with enhancement of growth of cancer cells on collagen I and IV, but a reduced effect with laminin (the ECM component that ensheathes CCA cells in vivo). CCA lesions are known to be very chemoresistant and in this study, no in vitro evidence of variable cell sensitivity to chemotherapy was identified as a result of different ECM components. There was no protective effect of different ECM components on chemosensitivity in vitro.   When stromal:CCA cell interactions were studied, I found in vitro evidence for bidirectional interaction between CCA cells and hepatic stellate cells (mediated by soluble factors), together with autocrine stimulation of CCA growth. In order to study direct cell:cell signalling between tumour and stromal cells, I developed a direct co-culture system of stained CCA and differentially-polarised human macrophages to enable tracking of cell proliferation and phagocytosis. Using this system, I identified that macrophage polarisation appears to play a role in CCA tumour progression with M2 polarised macrophages appearing to both enhance cell proliferation and be associated with an in vitro environment in which cell phagocytosis is reduced. An optimised form of macrophage:CCA co-culture system was developed and validated which shows experimental promise.  
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 To study the origins of the stromal cells and epithelial cells in CCA lesions, I established syngeneic BM transplantation in SD rats with subsequent TAA administration. Using independent techniques, I confirmed that persistent reconstitution of both the haematopoietic and mesenchymal stem cell compartments occurred. I generated three separate groups of transplant chimeras – male wt to female wt, male EGFP to male wt and female EGFP to male wt SD rats. Silencing of EGFP did not appear to occur upon adoptive transfer, neither was there evidence for cell fusion in the chimeric CCA lesions. I identified the optimum timepoint at which to start administration of TAA (following maximal BM reconstitution) and generated chimeric CCA lesions. The timecourse of development of these lesions was studied, with accumulation of inflammatory cells prior to development of CCA. These lesions demonstrated that haematopoietic but not mesenchymal cells were recruited from the BM. Specifically, macrophages and neutrophils but not myofibroblasts were BM derived. Furthermore, there was no evidence for BM derivation of malignant epithelial cells. These findings were confirmed in a number of spontaneously arising breast, skin and colon lesions in chimeric SD rats.   There are clearly a number of other cell types within the tumour stroma that are of interest. Particular examples include subtypes of CAFs (FSP+/FAP+) and vascular stromal pericytes and fibrovascular structures (NG2+) 328. Whilst the study of these additional cell types was beyond the scope of this thesis, further analysis of the origin of these cells would be relatively straightforward to undertake from the tissue generated by this study. Furthermore, it would be of interest to undertake a functional analysis of cell behaviour based on their compartmental origins. For example, the significance of distantly-derived as opposed to locally-derived stromal cells include the possibility of therapeutically modulating the chemoattractant axes that drive cell chemotaxis and migration of cells towards inflamed or malignant tissues. An illustration of this includes the CXCR4/SDF-1 axis 540 327. The receptor CXCR4 is expressed on multiple cell types including lymphocytes, hematopoietic stem cells, endothelial and epithelial cells, and cancer cells; the pathway is recognised to play roles in tumour progression, angiogenesis and metastasis 541. 
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 Notch signalling represents a potential mechanism by which cells may communicate whilst in direct contact. This pathway is dysregulated in CCA. Using a qPCR array, I identified that in human CCA lesions Notch pathway components, specifically Notch2, Notch3, Jagged1 and Jagged2, are upregulated compared to control liver tissue. The greatest increase was observed for Notch3. The upregulation of Notch pathway components appears to occur sequentially during cholangiocarcinogenesis in the TAA rat model. I identified that in CCA the Notch pathway was functionally active in vitro and manipulation of the pathway inhibited cell growth. Furthermore, inhibition of Notch signalling appeared to augment CCA chemosensitivity in vitro. However, I did not identify in vitro evidence for endogenous macrophage or myofibroblast stromal:CCA cell Notch pathway interaction by means of 12CSL reporter transient transfection.  Inevitably, there are clearly a number of limitations to this work, in light of which conclusions should be cautiously drawn. An advantage of the TAA rat model is that it results in an inflammatory milieu in the hepatobiliary axis that recapitulates the premalignant environment found in many of the known aetiological causes that contribute to the formation of CCA. One specific reason for pursuing rat studies was the absence of mouse models with CCA on a pure genetic background that would enable adoptive transfer without encountering immunological hurdles. Unfortunately, limitations of the rat TAA model include the relatively long duration of tumourigenesis, rendering it difficult to study CCA in a short timeframe and also limiting manipulation of the model in terms of cell depletion or treatment strategies due to the timecourses involved. Furthermore, the rat is a less well studied model system than the mouse, with fewer experimental reagents available and fewer well characterised cell markers. Due to the considerably larger size of the rat, systemic treatments such as stromal cell depletion strategies (macrophage, myofibroblast) and signalling pathway manipulation (for example Notch pathway) become considerably more expensive, and in some cases prohibitively so.   
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This thesis has made considerable use of in vitro technology. In vitro studies must be interpreted with caution unless corroborated by in vivo data. For example, the existence of SP cells in CCA was studied in vitro and would now benefit from being extended into in vivo analysis. Furthermore, the in vitro study of cancer cell biology relies on representative cell lines, which do not perfectly reflect the behaviour of tumours in vivo. However, in vitro studies have validity insofar as that they enable controllable investigations and rapid testing of hypotheses on human cells. Indeed, the field of cancer biology relies on in vitro experiments to form the basis of the overwhelming majority of studies.    Methodologically, there are various ways of undertaking in vitro studies of cancer biology and assessments of chemotherapeutic effectiveness. In addition to the strategies used in this thesis, further ways to extend the analysis include in vitro half maximal inhibitory concentration (IC50) studies, which are a measure of the quantity of a drug required to inhibit a biological process, such as proliferation, by half. It may be argued that my use of a range of different cell lines in different elements of the thesis is problematic. This occurred in part because lines were cultured at different times of the study and also in part because some cell lines were experimentally more tractable than others (e.g. s1079 was not transfectable so I used LP line instead).  I would suggest the converse in that the use of different lines enables broader applicability of the in vitro results and is actually an advantage.   In this thesis, in vitro analysis of macrophage and myofibroblast stromal relationships with CCA cell lines was confined to controlled in vitro observations without in vivo confirmation. Preliminary results were identified with apparent promotion of CCA progression whilst cultured with M2 macrophages compared to M1 macrophages. However, there was no evidence of differences in Notch mediated signalling between macrophage polarity types. Three dimensional (rather than two dimensional) culture conditions may have recapitulated the in vivo environment more coherently, enabling more informative results for in vitro stroma:CCA studies.    
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With regard to the studies on Notch signalling in CCA, much of the information is preliminary and raises further questions. Going forward, it would be of interest to confirm the qPCR array results with qPCR for individual pathway components. The initial immunohistochemical findings studies of Notch signalling should now be continued by undertaking a more complete panel of immunohistochemical studies. The initial observation that Notch3, in particular, is upregulated in human CCA offers a novel dysregulated component of the Notch pathway that would be very interesting to characterise further and test definitively to evaluate potential clinical relevance.  Taking this study forward, the finding in this thesis that inhibition of Notch signalling augments chemotherapy in vitro would benefit from being tested in 
vivo by assessing the effect of inhibition of Notch signalling (both by commercially available γ-secretase inhibitors and by Notch3-specific inhibition) and chemotherapy.   The results of this thesis raise further avenues for study and questions to answer. Development of a mouse model of CCA that form histologically realistic lesions within a short timeframe would be of considerable interest. One potential option would be to employ mouse genetic knockout models with administration of hepatotoxicants to drive cholangiocarcinogenesis. Inevitably with a rare cancer, this thesis made use of a limited number of human CCA specimens. Acquisition of more lesions to generate a tissue bank, either through serial acquisition in our institution or through collaboration, would be of immense value for future studies to provide more generalisable experimental information.    With regard to stromal:CCA interactions and Notch signalling, the focus of this thesis was exclusively on tumour cell behaviour. It is tempting to question the possibility of a signalling effect of malignant cells on stromal cells themselves. Of note, there is evidence in the literature that stromal cell profiles within tumours are affected by Notch signalling 533, 542 and it may well be that dysregulated signalling alters the phenotype of stromal cells within lesions. Studying this particular question in CCA would require a considerable investment of time and, although beyond the remit of this thesis, would be of considerable interest.  
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